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Abstract 
 A next-generation organic light-emitting diode (OLED) system based on 
nano- and microelectromechanical systems (NEMS/MEMS) is presented. A key 
achievement in this work is the improvement of the properties of the OLED system 
by utilizing the concept of NEMS/MEMS; that is, controlling mechanical and 
electrical characteristics by nano- or microscale fine structuring. This approach 
enables functionalization of OLEDs without depending on organic materials. A novel 
strategy to fabricate nanostructures for optoelectronics devices using ultraviolet 
nanoimprint lithography is presented in Chapter 2. Chapter 3 and 4 present methods 
to modulate glass properties by nanopatterning and the properties of indium tin 
oxide by micropatterning, respectively. Improvement of the optoelectronic properties 
of OLEDs by fabricating a nanopatterned current flow region is discussed in Chapter 
5. The developed highly functionalized OLED system not only should become a 
fundamental technology for next-generation OLEDs, but also represents a 
breakthrough for organic electronic devices. 
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Chapter 1 
Introduction 
 
Organic electronic devices containing organic semiconductors currently 
attract huge attention because of their numerous favorable properties. Various 
organic electronic applications have been developed, such as organic light-emitting 
diodes (OLEDs), organic thin-film transistors, and organic photovoltaics [1]. Among 
these applications, OLEDs have reached the commercialization stage, capitalizing 
on their useful features including flexibility, surface emission, low driving voltage, 
high response speed, and material diversity. MarketsandMarkets™ estimated that 
the OLED market will grow at a compound average growth rate of 15.2% between 
2017 and 2023, forecasting that it will reach 48.81 Billion USD by 2023 [2]. As 
compared with inorganic electronic devices, organic electronic devices have 
undeniable advantages in terms of their fabrication process. Fabrication of inorganic 
electronic devices generally requires temperatures of over 500 C because they are 
formed using semiconductor manufacturing processes. In contrast, because organic 
electronic devices contain organic materials, they are fabricated with temperatures 
below 200 C, which can lower the processing power consumption. In addition, 
organic compounds are typically soluble in organic solvent or water. Therefore, large-
area and cost-effective processes can be used to produce printed electronics. Based 
on these superior features, OLEDs will become increasingly important devices in the 
future internet of things society. Further development of features such as flexibility 
and luminescence characteristics is needed to realize next-generation OLEDs.  
This thesis presents a novel highly functionalized OLED system using nano- 
and microelectromechanical systems (NEMS/MEMS), which have been developed 
based on inorganic semiconductor technology. By combining with NEMS/MEMS, the 
characteristics of the proposed OLED system are improved without depending on 
the properties of organic materials. That is, the mechanical and electrical properties 
of the OLEDs are controlled using NEMS/MEMS fine structures.  
 
2 
 
1.1 Organic light-emitting diodes 
Organic materials are generally composed of insulating carbon skeletons. In 
1950, electrical conductivity of organic materials was first discovered by Akamatsu 
and Inokuchi [1-3]; these materials were called “organic semiconductors”. In 1953, 
Bernanose realized luminescence from a thin polymer film containing an organic dye 
by applying a strong alternating electric field [4]. He explained that the 
luminescence is based on an already known mechanism that does not require carrier 
injection, although the mechanism is understood as a secondary fluorescence of the 
organic dye excited by ultraviolet (UV) light from a glow discharge at the present 
time. Attempts to investigate electroluminescence (EL) by carrier injection were 
then made in the 1960s. Pope confirmed EL emission from a single crystal of 
anthracene (thickness = 10–20 µm) sandwiched between two silver paste electrodes 
driven by a direct current (DC) of 400 V [5]. In this experiment, a current density of 
100 µA/cm2 was injected. However, this was a low value because they used a thick 
single-crystal film. Bilayer OLEDs consisting of stacked thin films with different 
functions were proposed by Tang and VanSlyke in 1987, leading to a breakthrough 
in OLED research [6]. Their OLEDs had a p-type hole transport layer and n-type 
light-emitting electron transport layer composed of tris(8-
hydroxyquinolinato)aluminum (Alq3). Subsequently, Adachi [7] reported three-layer 
OLEDs with a structure of hole transport layer/emitting layer/electron transport 
layer, which subsequently became the basic device architecture of OLEDs. 
 The performance of OLEDs depends not only on device architecture but also 
on their component organic molecules, which have wide flexibility of molecular 
structure. When luminescence is produced by an electrical field, i.e., EL, an organic 
molecule is excited from its ground state to a singlet excited state or a triplet excited 
state to form a singlet or triplet exciton, respectively. Statistically, there is a 1:3 
formation ratio of singlet to triplet excitons [8,9]. Thus, generally 25% of excited 
molecules emit fluorescence originating from singlet excitons and 75% of excited 
molecules emit phosphorescence originating from triplet excitons. First-generation 
OLEDs were based on fluorescent materials. From the 1980s, there was considerable 
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interest in phosphorescent materials as high-efficiency OLED emitters, although 
they required low temperature operation to realize phosphorescence. In 1999, 
Forrest and Thompson got an inspiration from a report by Watt’s group [10], in which 
they mentioned that fac-tris(2-phenylpyridine)iridium (fac-Ir(ppy)3) shows high 
internal quantum efficiency at room temperature, which sparked the development 
of high-performance phosphorescent OLEDs (second-generation OLEDs) [11]. Here, 
the external quantum efficiency (EQE: 𝜂𝑒𝑥𝑡) of the OLED is given by the following 
equation: 
 𝜂𝑒𝑥𝑡 =  𝛾 × 𝛽 × Φ × 𝜂𝑝 (1.1) 
 
where 𝛾 is the charge balance factor, 𝛽 is the exciton production efficiency,  is the 
photoluminescence (PL) quantum efficiency (also called PLQY), and 𝜂𝑝 is the light 
out-coupling efficiency. In addition, 𝛾 × 𝛽 ×Φ  is called the internal quantum 
efficiency. The estimated theoretical limitation of ext of a fluorescent OLED is 5% (𝛾 
= 1, 𝛽  = 25%,  = 100%, and 𝜂𝑝  = 20%) [12]. In contrast, 𝜂𝑒𝑥𝑡  of reported 
phosphorescent OLEDs has reached 8% at room temperature. Phosphorescent 
materials can utilize both singlet and triplet excitons for phosphorescent emission 
by taking advantage of the intersystem crossing (ISC) from singlet to triplet excited 
states of nearly 100% in complexes containing metals such as osmium [13], platinum 
[14], and iridium [10,11]. Therefore, they can achieve an exciton production efficiency 
of 100% in theory. Phosphorescent materials are highly promising as emissive 
materials in OLEDs, although there remain several associated challenges: use of 
rare metals, exciton quenching at high current density, and difficulty fabricating 
OLEDs that emit blue phosphorescence. To overcome these issues, Endo and Adachi 
developed third-generation OLEDs using thermally activated delayed fluorescence 
(TADF) materials in 2009 [115]. Although TADF materials emit fluorescence, they 
show high internal quantum efficiency comparable to that of phosphorescent 
materials. The energy gap between the lowest singlet excited state and lowest triplet 
excited state of TADF materials is quite small. Thus, up-conversion from the lowest 
triplet excited state to the lowest singlet excited state, called reverse intersystem 
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crossing (RISC), can be achieved by thermal energy at room temperature (e.g., 0.026 
eV at 300 K). In theory, an internal quantum efficiency of 100% can be realized by 
harvesting the triplet excitons, which are typically lost through nonradiative decay 
processes in fluorescent materials.  
 As described above, OLEDs have been developed mainly focusing on device 
architecture and novel organic molecules. 
 
1.2 Beyond OLEDs 
 Since their initial reports, OLEDs have been continually researched with 
the aim of realizing high-performance devices and development of applications. From 
the viewpoints of organic molecules and device architecture, there have been studies 
on long persistent luminescent [16], water- and oxygen-resistant OLEDs [17], 
OLEDs using single fission (theoretical internal quantum efficiency > 100%) [18], 
high- performance OLEDs with TADF assisted fluorescence systems [19], and liquid 
OLEDs [20]. From the viewpoint of applications, there is huge interest in developing 
large-area and/or flexible OLEDs and high-power OLEDs, such as organic 
semiconductor laser diodes (OSLDs) [21,22]. Development of next-generation OLEDs 
requires attention from diverse standpoints, not only those of organic molecules and 
device architecture. 
 
1.3 Nano/micro-electromechanical systems 
Integrated circuit (IC) technology using inorganic semiconductors was 
started by Shockley at Nokia Bell Labs in 1947. Since then, transistor integration 
has been investigated for performance improvement, as can be seen in the progress 
of large-scale integration, very large-scale integration, and ultra-large-scale 
integration. Such transistor integration has been led by the proposal of Moore’s law, 
which states that the number of transistors in an IC doubles every two years. This 
law became a basis for the international technology roadmap for semiconductors 
(ITRS) and powered the advance of our information society by the miniaturization of 
transistor size, although it has now reached the fundamental limitation in transistor 
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scaling. In 2007, ITRS defined the concept of “More than Moore” [23], which aims to 
promote integration of devices with various functions, whereas Moore’s law 
promoted integration of the transistors in ICs. More than Moore means integration 
of not only ICs but also devices that cannot be realized by increasing of number of 
transistors, such as radio-frequency (RF) modules, sensors, and actuators. The 
concept of More than Moore may be used to realize system-in-package and system-
on-chip technology. Organic electronics including OLEDs are thought to fit the More 
than Moore concept.  
NEMS/MEMS is another technology that belongs to the More than Moore 
category. NEMS/MEMS based on inorganic semiconductor IC technology are 
integrated electronic components and actuators. Research on NEMS/MEMS began 
in about 1970 at Stanford University, and the name MEMS has been commonly used 
in the United States since 1987. The name NEMS started to be used when the 
miniaturization of device size became a focus. In NEMS/MEMS technology, devices 
are fabricated by forming nano/microscale fine structures. For example, a piezo 
pressure sensor consists of a thinned silicon membrane with resistance [24]. A 
change of outer pressure is detected as a piezoresistive effect induced by the stress 
generated in the silicon membrane [25]. Micropatterned boron-doped areas function 
as p-type piezoresistors and the piezoresistive effects has enhanced by thinning the 
silicon layer. Micro-total analysis systems are a type of MEMS consisting of 
micropumps, microchannels, microreactors, and sensors [26]. Of particular interest 
in this work is utilizing NEMS/MEMS concepts such as enhanced surface tension 
effects achieved by minimization of the channel width, and locally controlled 
thermal/pressure/electrical energy effects. Moreover, the formation of surface 
microstructure on silicon can alter it characteristics to give black silicon [27], which 
strongly absorbs light, or porous silicon [28], which can emit visible light. 
 
1.3.1 NEMS/MEMS in inorganic light-emitting diodes 
NEMS/MEMS technology or its concept has already been applied to 
inorganic light-emitting diodes (LEDs). A gallium nitride (GaN) substrate with a 
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SiO2 nanomask, called nano-FIELO, was developed to improve the internal quantum 
efficiency of high-power LEDs [29]. The nanomask structure controls and suppresses 
generation of dislocations during epitaxial growth of GaN on a sapphire substrate. 
Moth-eye structures consisting of nanopatterns smaller than the emission 
wavelength of an LED can improve the EQE of inorganic LEDs by creating a graded 
refractive index medium that decreases the reflection of light [30]. Optical resonators, 
which are several times larger than the emission wavelength, are essential 
components of inorganic LED-based lasers.  
 
1.3.2 NEMS/MEMS in OLEDs 
 NEMS/MEMS are considered to an important technology for not only 
inorganic LEDs but also next-generation OLEDs. Some research combining 
NEMS/MEMS and OLEDs has already been reported, although it simply involved 
changing the emission layer from an inorganic material to an organic material; for 
example, OLEDs with a light extraction structure [31]. In 2006, Matsushima 
reported an OLED containing a heat-sink structure to protect the heat-sensitive 
organic layers from Joule heating [32]. His report was based on the synthesis 
technology of NEMS/MEMS and OLEDs in the true sense of the word, i.e. changing 
the characteristics of OLEDs by nano/microscale fine structuring. Since then, few 
studies combining NEMS/MEMS and OLED technology have been reported until 
recently. Kasahara reported microfluidic OLEDs [33], which combined liquid OLEDs 
and microfluidic MEMS technology, to utilize the features of liquid organic 
semiconductors. Shim also combined liquid OLEDs and MEMS [34]; he prepared a 
backside reservoir for EL emission recovery by MEMS fabrication technology. 
Komino demonstrated in-plane anisotropic molecular orientation in a spin-coated 
film using one-dimensional fluid flow induced by microchannels [35]. Such studies 
are still sparse, so further development of novel NEMS/MEMS-based OLED systems 
is desired. 
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1.4 Theme of this thesis 
This thesis addresses development of a novel highly functionalized OLED 
utilizing NEMS/MEMS. The concept of the thesis is illustrated in Fig. 1.1. The 
mechanical and electrical properties of the proposed OLED system are improved by 
nano- or microscale fine structuring. Next-generation OLEDs system are constructed 
by summing up developed technologies. This system enables to improve OLED 
performance without depending on the properties of the component organic 
materials. A brief outline of this thesis is depicted in Fig. 1.2 and described below. 
 
 
Figure 1.1 Concept of this thesis: an OLED system based on NEMS/MEMS. 
 
Chapter 2, entitled “Nanofabrication method combining ultraviolet 
nanoimprint lithography and anisotropic wet etching,” presents a novel strategy to 
fabricate nanostructures by UV-nanoimprint lithography (NIL). Nanofabrication 
processes have underpinned development of optoelectronic devices, and UV-NIL is 
one such promising technique. To enhance the potential of UV-NIL, we combine it 
with the NEMS/MEMS fabrication method anisotropic wet etching. The resolution 
of the method does not depend on that of the original imprint mold in the proposed 
method. 
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In Chapter 3, “Durable self-cleaning glass with bridged glass nanopillar,” we 
develop bridged glass nanopillar structures with high scratch resistance for use as 
self-cleaning glass. To maintain glass clean is important for OLED displays, and it 
can be achieved by self-cleaning effects using a superhydrophilic or -hydrophobic 
glass surface. The proposed glass nanopillar provides such wetting properties. 
Furthermore, the sub-micron bridge structure that connects each glass nanopillar 
increases the mechanical toughness of the nanopillars. 
In Chapter 4, entitled “Flexible indium tin oxide with simple micromesh-
patterning,” highly flexible transparent indium tin oxide (ITO) electrodes are 
developed for use in flexible OLEDs. Micromesh patterning of ITO lowers its tensile 
stress and hinders crack propagation. The proposed patterned ITO electrodes are 
fabricated by photolithography and wet etching. The resistance increase ratio of a 
mesh-patterned ITO electrode after bending 1000 times was at least two orders of 
magnitude lower than that of a planar ITO electrode. 
Chapter 5 “Suppression of external quantum efficiency roll-off in 
nanopatterned organic light-emitting diodes” describes a novel methodology to 
suppress EQE roll-off caused by singlet–polaron annihilation (SPA). A 
nanopatterned resist mask layer on an ITO electrode allows the generated excitons 
to escape from the current flow region by decreasing the area of the current flow 
region to close to the exciton diffusion length. The current density at which the EQE 
was half of its initial value in the proposed OLEDs was approximately 41 times that 
of a conventional OLED without the nanopatterned mask layer. The dependence of 
roll-off suppression behavior on the size and shape of the nanopatterns was well 
explained by a SPA model that considered exciton diffusion. 
Chapter 6 “Conclusion” presents a summary of the thesis and considers the 
broader implications of the results. Future prospects for next-generation OLED 
systems with NEMS/MEMS are also provided. 
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Figure 1.2 Brief outline of this thesis. 
 
  
10 
 
Reference 
[1]  S. Ogawa, Organic Electronics Materials and Devices, Springer, 2015. 
[2]  MarketstandMarketsTM, OLED Market by Display Application (Smartphone, 
TV, Automotive, NTE), Panel Type (Rigid, Flexible), Technology, Size, Material 
(FMM RGB, WOLED), Lighting Application (General, Automotive), Panel Type, 
& Vertical, and Geography - Global Forecast to 2023, 2017. 
[3]  H. Akamatu and H. Inokuchi, "On the Electrical Conductivity of Violanthrone, 
Iso‐Violanthrone, and Pyranthrone," J. Chem. Phys., vol. 18, pp. 810-811, 
1950. 
[4]  A. Bernanose, M. Comte and P. Vouaux, "A new method of emission of light by 
certain organic compounds," J.Chim.Phys, vol. 50, pp. 64-68, 1953. 
[5]  M. Pope, H. Kallmann and P. Magnante, "Electroluminescence in organic 
crystals," J. Chem. Phys., vol. 38, pp. 2042-2043, 1963. 
[6]  C. W. Tang and S. A. VanSlyke, "Organic electroluminescent diodes," Appl. 
Phys. Lett., vol. 51, pp. 913-915, 1987. 
[7]  C. Adachi, S. Tokito, T. Tsutsui and S. Saito, "Electroluminescence in organic 
films with three-layer structure," Jpn. J. Appl. Phys., vol. 27, pp. L269, 1988. 
[8]  W. Helfrich and W. Schneider, "Recombination radiation in anthracene 
crystals," Phys. Rev. Lett., vol. 14, pp. 229, 1965. 
[9]  W. Helfrich and W. Schneider, "Transients of volume‐controlled current and 
of recombination radiation in anthracene," J. Chem. Phys., vol. 44, pp. 2902-
2909, 1966. 
[10]  K. King, P. Spellane and R. J. Watts, "Excited-state properties of a triply ortho-
metalated iridium (III) complex," J. Am. Chem. Soc., vol. 107, pp. 1431-1432, 
1985. 
[11]  M. Baldo, S. Lamansky, P. Burrows, M. Thompson and S. Forrest, "Very high-
efficiency green organic light-emitting devices based on 
electrophosphorescence," Appl. Phys. Lett., vol. 75, pp. 4, 1999. 
[12]  J. Kim, P. K. Ho, N. C. Greenham and R. H. Friend, "Electroluminescence 
emission pattern of organic light-emitting diodes: Implications for device 
11 
 
efficiency calculations," J. Appl. Phys., vol. 88, pp. 1073-1081, 2000. 
[13]  Y. Ma, H. Zhang, J. Shen and C. Che, "Electroluminescence from triplet 
metal—ligand charge-transfer excited state of transition metal 
complexes," Synth. Met., vol. 94, pp. 245-248, 1998. 
[14]  S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq, H. Lee, C. Adachi, P. 
E. Burrows, S. R. Forrest and M. E. Thompson, "Highly phosphorescent bis-
cyclometalated iridium complexes: synthesis, photophysical characterization, 
and use in organic light emitting diodes," J. Am. Chem. Soc., vol. 123, pp. 4304-
4312, 2001. 
[15]  H. Uoyama, K. Goushi, K. Shizu, H. Nomura and C. Adachi, "Highly efficient 
organic light-emitting diodes from delayed fluorescence," Nature, vol. 492, pp. 
234-238, 2012. 
[16]  R. Kabe and C. Adachi, "Organic long persistent luminescence," Nature, vol. 
550, pp. 384, 2017. 
[17]  K. Morii, M. Ishida, T. Takashima, T. Shimoda, Q. Wang, M. K. Nazeeruddin 
and M. Grätzel, "Encapsulation-free hybrid organic-inorganic light-emitting 
diodes," Appl. Phys. Lett., vol. 89, pp. 183510, 2006. 
[18]  N. V. Korovina, S. Das, Z. Nett, X. Feng, J. Joy, R. Haiges, A. I. Krylov, S. E. 
Bradforth and M. E. Thompson, "Singlet fission in a covalently linked cofacial 
alkynyltetracene dimer," J. Am. Chem. Soc., vol. 138, pp. 617-627, 2016. 
[19]  H. Nakanotani, T. Higuchi, T. Furukawa, K. Masui, K. Morimoto, M. Numata, 
H. Tanaka, Y. Sagara, T. Yasuda and C. Adachi, "High-efficiency organic light-
emitting diodes with fluorescent emitters," Nat. Commun., vol. 5, pp. 4016, 
2014. 
[20]  D. Xu and C. Adachi, "Organic light-emitting diode with liquid emitting 
layer," Appl. Phys. Lett., vol. 95, pp. 207, 2009. 
[21]  F. Hide, M. A. Diaz-Garcia, B. J. Schwartz, M. R. Andersson, Q. Pei and A. J. 
Heeger, "Semiconducting polymers: a new class of solid-state laser materials," 
Science, vol. 273, pp. 1833-1836, 1996. 
[22]  M. Baldo, R. Holmes and S. Forrest, "Prospects for electrically pumped organic 
12 
 
lasers," Phys. Lett. B, vol. 66, pp. 035321, 2002. 
[23]  Semiconductor Industry Association, 2007 International Technology Roadmap 
for Semiconductors (ITRS). 2007. 
[24]  Y. Kanda and A. Yasukawa, "Hall-effect devices as strain and pressure 
sensors," Sensor. Actuator., vol. 2, pp. 283-296, 1981. 
[25]  C. S. Smith, "Piezoresistance effect in germanium and silicon," Phys. Rev., vol. 
94, pp. 42, 1954. 
[26]  T. Vilkner, D. Janasek and A. Manz, "Micro total analysis systems. Recent 
developments," Anal. Chem., vol. 76, pp. 3373-3386, 2004. 
[27]  H. Jansen, M. de Boer, R. Legtenberg and M. Elwenspoek, "The black silicon 
method: a universal method for determining the parameter setting of a 
fluorine-based reactive ion etcher in deep silicon trench etching with profile 
control," J. Micromech. Microeng., vol. 5, pp. 115, 1995. 
[28]  A. Nishida, K. Nakagawa, H. Kakibayashi and T. Shimada, "Microstructure of 
visible light emitting porous silicon," Jpn. J. Appl. Phys., vol. 31, pp. L1219, 
1992. 
[29]  A. Okada, S. Shoji, H. Shinohara, H. Goto, H. Sunakawa, T. Matsueda, A. Usui, 
A. A. Yamaguchi and J. Mizuno, "Fabrication of low dislocation density GaN 
template by nano-channel FIELO using nanoimprint lithography," J. 
Photopolym. Sci. Technol., vol. 26, pp. 69-72, 2013. 
[30]  H. Ono, Y. Ono, K. Kasahara, J. Mizuno and S. Shoji, "Fabrication of high-
intensity light-emitting diodes using nanostructures by ultraviolet 
nanoimprint lithography and electrodeposition," Jpn. J. Appl. Phys., vol. 47, pp. 
933, 2008. 
[31]  B. J. Matterson, J. M. Lupton, A. F. Safonov, M. G. Salt, W. L. Barnes and I. D. 
Samuel, "Increased Efficiency and Controlled Light Output from a 
Microstructured Light‐Emitting Diode," Adv. Mater., vol. 13, pp. 123-127, 
2001. 
[32]  T. Matsushima, H. Sasabe and C. Adachi, "Carrier injection and transport 
characteristics of copper phthalocyanine thin films under low to extremely high 
13 
 
current densities," Appl. Phys. Lett., vol. 88, pp. 033508, 2006. 
[33]  T. Kasahara, S. Matsunami, T. Edura, J. Oshima, C. Adachi, S. Shoji and J. 
Mizuno, "Fabrication and performance evaluation of microfluidic organic light 
emitting diode," Sens. Actuators. A Phys., vol. 195, pp. 219-223, 2013. 
[34]  C. Shim, S. Hirata, J. Oshima, T. Edura, R. Hattori and C. Adachi, "Uniform 
and refreshable liquid electroluminescent device with a back side 
reservoir," Appl. Phys. Lett., vol. 101, pp. 113302, 2012. 
[35]  T. Komino, H. Kuwae, A. Okada, W. Fu, J. Mizuno, J. Ribierre, Y. Oki and C. 
Adachi, "In-Plane Anisotropic Molecular Orientation of Pentafluorene and Its 
Application to Linearly Polarized Electroluminescence," ACS Appl. Mater. 
Interfaces, vol. 9, pp. 27054-27061, 2017. 
 
 
  
14 
 
Chapter 2 
Novel nanofabrication method combining 
ultraviolet nanoimprint lithography and 
anisotropic wet etching 
 
 
           
Nanofabrication methods are the basis of the proposed OLED system. In 
this chapter, a novel strategy to fabricate nanostructures, which combines 
UV-NIL and anisotropic wet etching, is presented. The resolution of the 
proposed method does not depend on that of the original imprint mold. 
Atomically sharp V-shaped grooves are formed by anisotropic wet etching 
using an SiO2 etching mask fabricated by NIL. Atomic-scale precision is 
prepared by anisotropic etching using tetramethylammonium hydroxide 
(TMAH) solution containing a small amount of surfactant at room 
temperature. Using the V-shaped grooves as a template, Al2O3/Al is 
deposited and then etched by angled Ar-ion milling after planarization with 
thick resin. Sub-50-nm metal structures were achieved with 62% size 
reduction of the initial mold structure. 
           
 
 
 
 
 
        
The contents of this chapter have been published in the following journal article: 
“Sub-50-nm structure patterning by combining nanoimprint lithography and 
anisotropic wet etching without considering original mold resolution”, 
Microelectronic Engineering, vol. 169, pp. 39–42, 2017 [1].  
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2.1 Introduction 
Nanofabrication processes have underpinned the development of 
optoelectronic devices including OLEDs [2-4], semiconductor ICs [5-7], and 
nanofluidic devices [8]. Fine patterning techniques that can create feature sizes that 
conventional photolithography cannot achieve are required for further technological 
development. The resolution of conventional photolithography (CD) is given by 
 CD = 𝑘1𝜆 𝑁𝐴⁄  (2.1) 
 
where 𝑘1  is the resolution factor related to all the other processes, 𝑁𝐴  is the 
numerical aperture of the optical system, and 𝜆 is the wavelength. CD is limited in 
a conventional lithography system ( 𝜆 = 193  nm, 𝑁𝐴 > 1  in KrF immersion 
lithography) [9]. A number of next-generation lithography (NGL) techniques 
including electron beam (EB) lithography [10], extreme UV lithography [11], multi-
patterning [12], directed self-assembly lithography [13,14], and NIL [5,6,15-18] have 
been developed. 
UV-NIL has attracted attention as a promising NGL technique to fabricate 
nanometer-scale patterns in a large area [15-17]. NIL was first developed by Chou 
at Princeton University in 1995 using a thermoplastic resin; this process was coined 
thermal-NIL [5]. Heisman demonstrated UV-NIL using a UV-curable resin a year 
later [15]. As compared with other technologies, UV-NIL is a simple nanolithography 
process that is low-cost, high-throughput, and has high dimensional precision. Sub-
nanometer NIL patterning has been reported and NIL still has potential for higher 
resolution patterning [18]. In UV-NIL, a resist pattern is fabricated by deforming the 
physical shape of the resist, meaning that the size of imprinted pattern is limited by 
the quality and scale of the NIL mold. Thus, a high-quality fine nanoscale mold is 
required for high-resolution patterning. Recently, Peroz developed sub-10-nm NIL 
with a hydrogen silsesquioxane fine mold coated with Al2O3 by atomic layer 
deposition (ALD) [17]. An atomic-scale (0.3 nm) stepped polymer pattern fabricated 
with a stepped sapphire mold has been reported by Tan [18]. Although fine nanoscale 
UV-NIL patterns have been obtained, most of them have used specially fabricated 
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molds. Therefore, the preparation of a high-quality fine mold is a major barrier to 
improving the NIL process. 
 In this work, we propose a fine nanostructure fabrication method combining 
UV-NIL and silicon anisotropic wet etching that does not depend on the resolution 
of the imprint mold. Silicon anisotropic wet etching is widely used to fabricate three-
dimensional patterns for MEMS devices on single-crystal wafers [19-22]. In 
anisotropic etchants, Si (111) surfaces are etched more slowly than other crystal 
plane surfaces [23], and thus sharp self-organized V-shaped grooves form on Si (100) 
wafers. 
 The proposed method enables fine, size-controllable nanoscale structure 
patterning without a finely patterned mold. A schematic of the proposed method is 
shown in Fig. 2.1. The wet etching mask pattern is transferred from the mold by UV-
NIL. Sharp V-shaped grooves are formed by silicon anisotropic wet etching and then 
filled with a metal. Ar-ion milling is performed until the desired nanoscale V-shaped 
groove structures are obtained. 
 
 
Figure 2.1 Schematic illustration of fine nanostructure fabrication by combining UV-NIL 
and silicon anisotropic wet etching. (a) Patterning the wet etching mask from the UV-
NIL mold. (b) Sharp V-shaped groove formation by silicon anisotropic wet etching. (c) Ar-
ion milling. 
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2.2 Experiment 
Ultrafine nanoscale patterning was achieved by the following process. An n-
type Si (100) substrate with 100-nm-thick layer of thermal SiO2 was cleaned by 
conventional ultrasonication followed by O2 plasma treatment (RIE-10NR, Samco 
Inc.). A 150-nm-thick layer of UV-curable resin (PAK-01, Toyo Gosei Co., Ltd.) was 
spin coated on the substrate. The imprint mold, which was coated with a fluorine 
release layer, had a line-and-space pattern with a linewidth of 100 nm, pitch of 200 
nm, and height of 100 nm. The imprint process was performed under a pressure of 
2.8 MPa with 1000 mJ/cm2 in a vacuum of 0.2 kPa using our custom-built UV-NIL 
machine [24]. The resist pattern was further subjected to high-power UV light (JU-
C1500, Japan Technology System Co.) after demolding to ensure complete curing 
and provide high etching resistance. Following residual layer etching with O2 plasma, 
the resist pattern was etched into the SiO2 layer using an inductively coupled 
plasma-reactive ion etching (ICP-RIE) system (RIE-100iPH, Samco Inc.). The details 
of the etching conditions are summarized in Table 2.1. In the etching step, a small 
amount of oxygen gas was added to prevent formation of a carbon-fluorine polymer 
layer through the reaction of the resin and C3F8 gas [4,25]. Finally, the remaining 
resin was removed by O2 plasma etching. 
Buffered hydrofluoric acid (BHF 110U, Daikin Industries, Ltd.) was used to 
remove the native oxide layer and the damaged layer by dry etching, and then the 
sharp V-shaped groove structures were formed by silicon anisotropic etching for 90 
min with an SiO2 mask. The etching solution was 25 wt% TMAH (Kanto Chemical 
Co. Inc.) containing 0.01 wt% non-ionic surfactant (Triton X-100, Acros Organics). 
The surfactant was added to improve the etching anisotropy and to decrease the 
surface roughness [26-28]. While anisotropic wet etching is generally performed 
above 60 °C [22,26-28], we conducted etching at room temperature to ensure that the 
etching rate was as low as possible to achieve atomic-level etching control. 
Subsequently, the SiO2 mask was removed using buffered hydrofluoric acid.  
A 3-nm Al2O3 dielectric barrier layer was deposited by ALD (SUNALE R-150, 
Picosan) by alternating the trimethylaluminum precursor and H2O oxidant at 350 °C. 
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Next, a 30-nm metal (Al) layer was deposited by ion beam sputtering (IBS; M820, 
Hakuto) using an ion beam voltage of 950 V and current of 80 mA. The substrate 
was coated with a 750-nm-thick resin layer (SU-8, Microchem Co.) to planarize the 
sample surface. Finally, Ar-ion milling (IMR-3-8, Hitachi) was performed at an 
accelerating voltage of 400 V and ion beam current of 30 mA for 72 min. To achieve 
a homogeneous etching rate of the different materials, the substrate was etched at a 
high glancing angle [29,30]. 
 
Table 2.1 Dry etching conditions used to fabricate the SiO2 mask. 
Etching 
material 
Gas flow (sccm) ICP/RF 
power (W) 
Pressure 
(Pa) 
Time (s) 
O2 C3F8 
Residual 
layer 
5.0 0 50/20 1 60 
SiO2 layer 1.0 20 300/50 1 80 
  
2.3 Results and discussion 
3.1 Mold pattern transfer process  
 UV-NIL and dry etching were performed to transfer the wet etching mask 
pattern to SiO2 from the mold. A cross-sectional scanning electron microscopy (SEM) 
image of the imprinted pattern on the UV-curable resin is shown in Fig. 2.2(a). A 
line-and-space pattern with a 95-nm line width and 192-nm pitch was formed 
without major defects. A thick residual layer was observed because of the low 
vacuum conditions used during the imprinting process; however, the layer was 
completely removed without profile changes via O2 plasma etching (Fig. 2.2(b)). The 
imprinted mold pattern was etched in the SiO2 layer (Fig. 2.2(c)) with an etching 
selectivity close to 1. The replicated wet etching mask pattern had a pitch of 194 nm 
and width of 104 nm with an error of less than 5% compared with the original mold 
pattern.  
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Figure 2.2 Cross-sectional SEM images of (a) imprinted pattern with a width of 100 nm 
on the UV-curable resin, (b) imprinted pattern after residual layer etching, and (c) 
mold pattern after etching of the underlying SiO2 layer [1]. 
 
3.2 Atomically sharp V-shaped groove formation  
 Figure 2.3 shows the etch depth of the Si (100) surface as a function of 
etching time at room temperature using the TMAH etching system with a surfactant. 
The etching rate (𝑅𝑎) was estimated from the plots to be 1.1 nm/min, which is two 
orders of magnitude smaller than that under conventional high-temperature 
conditions [26,27]. In addition, 𝑅𝑎  agreed well with the theoretical value of 1.4 
nm/min calculated by [27,31] 
 𝑅𝑎 = 𝐴0𝑒𝑥𝑝(−𝐸𝑎 𝑅𝑇⁄ ) (2.2) 
 
where 𝐴0 is the frequency factor, 𝐸𝑎 is the activation energy, 𝑅 is the gas constant, 
and 𝑇 is the temperature. In the calculations, we used 𝐴0 = 7.62 × 1013 /s, 𝐸𝑎 𝑅⁄ =
 −9.07 × 103 K, and 𝑇  = 297 K [26,27]. These results indicate that the etching 
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process is controlled with atomic-scale precision. 
 A cross-sectional SEM image of the V-shaped grooves formed by the TMAH 
etching system is shown in Fig. 2.4. The V-shaped grooves were fabricated using the 
SiO2 mask prepared by UV-NIL. The angle of 54.6° between the surface and side wall 
of each V-shaped groove was close to the typical angle of 54.7° for anisotropic etching 
of Si (100) substrate, which formed between the Si (100) and Si (111) planes [23]. 
Furthermore, ultra-narrow structures with a width of 9 nm were observed in the 
valleys of the V-shaped grooves. Because the protruding regions of the rough side 
wall created by dry etching were selectively etched, the line edge roughness 
decreased after etching, and V-shaped grooves with smooth side walls were obtained. 
Our results demonstrate that slow TMAH etching at room temperature with a 
surfactant is useful for atomic-scale Si etching and sharp V-shaped groove formation.  
 
 
Figure 2.3 Etch depth of the Si (100) surface as a function of etch time using the room-
temperature TMAH etching system with surfactant. The dashed line shows the 
theoretical etching rate [1]. 
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Figure 2.4 Cross-sectional SEM image of the V-shaped grooves with 9-nm ultra-narrow 
structures formed using the room-temperature TMAH etching system and SiO2 mask 
prepared by UV-NIL [1]. 
 
3.3 Pattern minimization 
 Figure 2.5 shows an SEM image of the resin-coated sample after Al2O3 and 
Al deposition. The Al2O3/Al layers on the V-shaped groove structures are clearly 
visible and the patterned surface was uniformly planarized by the thick resin layer. 
After planarization, the patterns were etched by Ar-ion milling (Fig. 2.6). Fig. 2.6(a) 
and (b) show that a uniformly etched surface was obtained, indicating that a 
homogeneous milling rate between different materials was achieved by using a high 
glancing angle of 70, as reported in previous studies [29,30]. As shown in Fig. 2.6(c), 
the minimum pattern was formed after 70 min of etching. The final pattern had a 
width of 38 nm and height of 18 nm, which indicated that fine Al patterns with 
reduction ratio of 62% versus the initial mold patterns were successfully produced. 
Based on these results, we believe that our proposed method can provide fine 
nanopatterns without considering the original mold quality and size, offering new 
possibilities for NIL processes. 
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Figure 2.5 Cross-sectional SEM image of the uniformly planarized resin coated V-shaped 
grooves after Al2O3 and Al deposition [1]. 
 
 
 
Figure 2.6 Cross-sectional SEM images of the patterns obtained after Ar-ion milling at 
a high glancing angle: (a) low- and (b) high-magnification images of the pattern with a 
width of 98 nm during the etching process; (c) low- and (d) high-magnification images of 
the minimized pattern with a width of 38 nm and height of 18 nm obtained by etching 
for 70 min [1]. 
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3.4 Summary 
 We have developed a novel method to fabricate fine nanostructures by NIL 
and anisotropic wet etching. The fabricated metal structure consisting of the valleys 
of the V-shaped grooves was 62% of the initial mold size. In addition, we performed 
atomically controlled anisotropic wet etching at room temperature with TMAH 
containing a surfactant. These results show that the developed method is a 
promising technique for advanced NIL. The structure fabricated using this method 
is also applicable as a new fine nanoscale mold after removing the metal. In addition, 
we expect that optimization of process conditions would allow us to obtain patterns 
with sub-10-nm structures without a specific mold. 
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Chapter 3 
Durable self-cleaning glass 
with bridged glass nanopillars 
 
 
           
Glass is a key component of OLED displays as well as many other optical 
devices. High transparency is important in such devices. In this chapter, we 
developed a bridged glass nanopillar structure with high scratch resistance 
for use as self-cleaning glass. The glass nanopillars are joined to each other 
with a bridge structure. The bridged glass nanopillars are fabricated using 
anisotropic Talbot photolithography and reactive ion etching (RIE). Atomic 
force microscopy (AFM) and SEM analyses showed that the bridged glass 
nanopillar structure was successfully fabricated by photolithography and 
dry etching. The scratch resistance of the bridged glass nanopillars was 
improved seven times as compared with that of the nanopillars without the 
bridge structure in friction tests using a flannel cloth. Furthermore, the 
bridged glass nanopillars did not collapse during high-stress friction tests 
using steel wool. The self-cleaning effect of the bridged glass nanopillars 
with superhydrophilic or -hydrophobic behavior was demonstrated by 
spraying water droplets on the bridged nanopillar structured surface. We 
expect that the proposed bridged glass nanopillars will be highly promising 
self-cleaning glass. 
           
 
 
        
The contents of this chapter have been published in the following journal article: 
“橋架け構造により高い擦り耐性を実現するガラスナノピラーの作製”, 電気学会論文誌
Ｅ（センサ・マイクロマシン部門誌）, vol. 137, pp. 72-77, 2017 [1].  
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3.1 Introduction 
 Glass substrates are widely used in many applications such as OLED 
displays [2], smartphones [3], MEMS devices and solar cells [4,5] because of their 
high thermal and chemical stability and favorable optical properties [6-8]. In 
particular, the high optical transmittance of glass substrates is one of their most 
important properties when used in practical situations. To maintain the high 
transparency of glass substrates, there has been considerable interest in self-
cleaning glass, which allows rain to wash away particulate contaminants on the 
glass surface without wiping [9-18]. The mechanism of self-cleaning glass is 
categorized into two types: a self-cleaning effect based on the superhydrophilicity of 
the glass surface [10,11,17,18] and that derived from superhydrophobicity of the 
glass surface [9,22]. Contaminants on superhydrophilic glass surfaces are flushed 
away by the spreading of water droplets under the contaminants. In contrast, 
contaminants on a superhydrophobic glass surface are carried away by rolling water 
droplets. There have been number of reports on self-cleaning glasses, such as glass 
surfaces with a TiO2 coating [11,18] and protruding structures [9,12,15,16]. TiO2-
coated self-cleaning glass is widely known, although intense UV irradiation is 
required to maintain its photoinduced hydrophilicity. Meanwhile, the glass surface 
with protruding structures exhibits superhydrophilicity or superhydrophilicity that 
provides an excellent self-cleaning function without any external power. This is 
because the wettability of a glass surface is dramatically affected by surface topology, 
as indicated by the Wentzel equation [19]:  
 
cos𝜙 = 𝑟𝑐𝑜𝑠𝜃, 𝑟 =  
𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
 (2.1) 
 
where 𝜙 is the apparent contact angle, 𝑟 is the roughness factor, and 𝜃 is the 
contact angle of the ideal surface. Recently, self-cleaning glass with fine protruding 
structures on its surface has become a subject of growing interest [12]. In addition, 
periodic nanopillar structures, which act as a graded refractive index medium, can 
also improve optical transparency by eliminating light reflection at the surface by 
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the moth-eye effect [20,21].  
 Recent studies have reported that glass substrates with glass nanopillars, 
which were mainly fabricated by RIE, exhibited self-cleaning effects [15,21]. These 
structures show superhydrophilicity ascribed to hydrophilicity of the glass substrate 
itself or superhydrophobicity following hydrophobic treatment, such as self-
assembled monolayer (SAM) formation [22] or fluorine coating [21,23]. Glass 
nanopillars show self-cleaning effects without photoirradiation because of the 
Wenzels effect. In addition, they have high thermal and chemical resistance 
resulting from the stability of glass, although the nanopillars are easily fractured 
when scratched because of stress concentration at the bottom angular corner of the 
nanopillar. Moreover, high plasma power is required to fabricate glass nanopillars 
by RIE. However, trench formation occurs at the edge of the nanopillars because of 
specular reflection of high-energy ions by the sidewall [24,25]. The trench structures 
further degrade the mechanical toughness of the nanopillars. Therefore, glass 
nanopillars with high scratch resistance are required for practical use. 
 In this study, we propose a glass nanopillar structure with bridges 
connecting nanopillars to increase mechanical durability. Each glass nanopillar is 
joined to adjacent nanopillars in four directions to suppress stress concentration, as 
shown in Fig. 3.1. Talbot lithography is used to prepare the bridged structure [25]. 
The mechanical properties of the bridged nanopillars are evaluated both analytically 
and experimentally. Additionally, the self-cleaning effect of the glass with the 
bridged glass nanopillar structure is also demonstrated. 
 
Figure 3.1 Design of the bridged glass nanopillar structure. (a) Top and (b) tilted view 
[1]. 
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3.2 Experiment 
3.2.1 Fabrication 
 Figure 3.2 illustrates the fabrication process of the bridged glass nanopillars. 
A fused-silica glass substrate (AGC Electronics Co., 4-inch diameter, 1-mm thick) 
was used as the base material. A positive photoresist (THMR-iP4300 HP, Tokyo 
Ohka Kogyo Co.) was spin-coated on the substrate to produce a 600-nm-thick 
photoresist layer.  
 The resist pattern of the bridged nanopillars was fabricated as a dry etching 
mask using anisotropic Talbot photolithography [25]. In an ordinary 
photolithography method, a resist layer is irradiated with parallel light from the 
exposure source, so a vertical pattern without bridge structures is created. 
Conversely, in Talbot photolithography, light scattered anisotropically using a 
pinhole and lens is exposed to the resist layer through a phase-shifting mask. The 
resulting light with an intensity distribution, which can produce bridge structures 
through interference. The exposed part was removed with a developing solution at 
room temperature. The resist pattern was designed to have a diameter of 320 nm, 
height of 450 nm, aspect ratio of 1.25, pitch of 600 nm, and height of the bridge 
structures of 200 nm.  
 The resist pattern was transferred to the glass substrate by ICP-RIE (RIE-
101iPH, Samco Inc.,). The ICP-RIE power/bias was 500 W/100 W with a mixture of 
Ar and C3F8 gases. The flow rates of Ar and C3F8 were 50 and 8 sccm, respectively, 
to produce nanopillar sidewalls with a high taper angle (>80) [26]. The etching 
conditions are summarized in Table 3.1. Finally, the remaining resin was removed 
by O2 plasma etching. Glass nanopillars without bridge nanostructures were also 
prepared as a reference by ordinary photolithography. The mask pattern for the 
reference glass nanopillars was design to have a diameter of 330 nm, height of 580 
nm, aspect ratio of 1.71, and pitch of 600 nm. 
 
3.2.2 Evaluation 
 The resist patterns and glass nanopillars were observed using AFM 
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(Nanonavi L-trace, Hitachi High-Technologies Co.) and SEM (S8240, Hitachi High-
Technologies Co.). The scratch resistance of the glass nanopillars was evaluated 
using a friction test system (TRIBOGEAR Type 38, Shintokagaku Co.) using various 
applied loads and scratching materials. The evaluation conditions are summarized 
in Table 3.2. In addition, the directional dependence of the scratch resistance was 
investigated. The surface condition of the scratched glass nanopillars was observed 
by a laser microscope (VK9500, Keyence) and SEM. The optical transparency of the 
glass was evaluated using an ultraviolet–visible (UV-vis) spectrophotometer (U-3900, 
Hitachi High-Technologies, Ltd.). 
 The self-cleaning effect of the glass nanopillars was evaluated using particle 
contaminants (Kanto Chemical Co., Inc.) in accordance with JIS Z-8901 Kanto Loam 
Class 7 Test Dusts (The Association of Powder Process Industry and Engineering, 
Japan). The particles had a density of 2.9–3.1 g/cm2. The chemical composition of the 
contaminants is stated in Table 3.3. The contaminants were dispersed on the sample 
surface. Water droplets (50 mL) were then sprayed on the sample surface.  
The self-cleaning effect of the sample after hydrophobic treatment was also 
evaluated. A fluorine-based solution (HD-1101Z, Harves Co, Ltd.) was used for 
hydrophobic SAM treatment of the glass nanopillars [22]. Before the hydrophobic 
SAM treatment, the surfaces of the nanopillars were treated by vacuum ultraviolet 
irradiation (VUV) in the presence of O2 gas using a 172-nm Xe2 excimer lamp 
(UER20-172, Ushio Inc.) [27-29]. The VUV- treated samples were immersed into the 
HD-1101Z solution for 1 h and then baked at 80 °C for 10 min. Finally, the surfaces 
were rinsed with hydrofluoroether (NOVEC7100, Sumitomo 3M Ltd.) at room 
temperature for 10 min to remove extra SAMs. The contact angles of the surfaces 
were characterized using a contact angle meter (LCD-400S, Kyowa Interface Science 
Co. Ltd.) with deionized water (2 µL) at room temperature. 
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Figure 3.2 Fabrication process of the bridged glass nanopillars [1]. 
 
Table 3.1 Dry etching condition the glass nanopillars. 
Gas 
C3F8: 8 sccm 
Ar: 50 sccm 
RF power 
ICP 500 W 
BIAS 100 W 
Pressure 
1st 10 Pa 
2nd 10 Pa 
Time 110 s 
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Table 3.2 Conditions used in friction tests. 
 
Glass without bridged 
structure 
Glass with bridged structure 
Test method Flannel cloth Flannel cloth Steel wool 
Velocity 1200 mm/min 
Range 30 mm 
Repeating Times 1000 times 1000 times 10 times 
Load 100 g, 200 g, 750 g 750 g 750 g 
 
Table 3.3 Composition of the particle contaminants used in self-cleaning tests. 
Chemical compositions Percentage by mass (%) 
SiO2 34-40 
Al2O3 26-32 
Fe2O3 17-23 
CaO 0-3 
MgO 0-7 
TiO2 0-4 
 
3.3 Results and discussion 
3.3.1 Numerical simulation using the finite element method 
 To verify the concept of the bridged glass nanopillar structure, the stress 
distribution when it was scratched were simulated using the finite element method 
(COMSOL Multiphysics software ver. 5.1, COMSOL AB.) with triangular elements. 
The bridged glass nanopillars and the reference glass nanopillars without bridged 
structure with and without a trench were evaluated in elastic regime. The height of 
the bridged glass nanopillars was changed to examine the effect of pillar height on 
scratch resistance. The bottom of the structure was fixed, and force was applied to 
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the upper left corner of the pillar horizontally. The density, Young’s modulus, and 
Poisson ratio used in the calculations were 2203 kg/m3, 73.1 × 109 Pa, and 0.17, 
respectively. The material data were taken from COMSOL data library. Details of 
the simulation conditions are summarized in Table 3.4. 
 
Table 3.4 Design of the nanopillars used in the simulation. The curved part of the bridged 
structures was designed to contact a circle (radius = 100 nm). α was determined to form 
a smooth curve near an intersection of the circle and pillars. No. 1 and No. 3 had the 
same values as the fabricated glass nanopillars. 
 
Substrate [nm] Trench [nm] Bridge [nm] 
Pillar [nm] 
(Top of substrate 
– top of pillar.) 
No.1 400 -50 0 400 
No.2 400 0 0 400 
No.3 400 0 50 + α 400 
No.4 400 0 50 + α 450 
No.5 400 0 50 + α 500 
 
 Figure 3.3 shows the simulation results of the stress distribution in the glass 
nanopillars. The maximum stress of the models is summarized in Fig. 3.4. In the 
glass nanopillars without the bridge structure (No. 1 and No. 2), stress was strongly 
concentrated at the bottom angular corner of the nanopillars. Moreover, the presence 
of a trench led to higher maximum stress. Meanwhile, as shown in Fig. 3.3(c) (No. 
3), the stress concentration at the bottom of the nanopillars was dispersed by 
introducing the bridge structure. The maximum stress of the bridged nanopillar was 
42% lower than that of the glass nanopillar with a trench. The bridged nanopillars 
also showed lower maximum stress than that of the nanopillars without the bridge 
structure even when the height of the bridged glass nanopillars was increased (No. 
4 and No. 5). These results indicate that the bridged glass nanopillar structure 
should suppress nanopillar collapse because the bridged structure disperses stress 
concentration. The prevention of trench formation achieved by including the bridge 
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structure should also lead to decreased stress concentration.  
 
 
Figure 3.3 Simulation of stress distribution in (a) a glass nanopillar with a trench (No. 
1), (b) a glass nanopillar without a trench (No. 2), and (c) a glass nanopillar with the 
bridge structure (No. 3) [1]. 
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Figure 3.4 Calculated maximum stress of the simulation models. 
 
3.3.2 Fabrication of bridged glass nanopillars 
 AFM and SEM images of the resist pattern obtained using conventional 
photolithography are shown in Fig. 3.5. The resist pattern contains independent 
pillars because the resist layer was exposed by parallel light through the mask. In 
contrast, as shown in Fig. 3.6, the resist pattern obtained using Talbot lithography 
possessed a bridge structure that connected the pillars with each other in four 
directions. This bridge structure was obtained because the light interference induced 
an intensity distribution of the UV light source [25]. The fabricated resist pattern 
without the bridged structure had a measured diameter of 328 nm, height of 681 nm, 
and pitch of 600 nm. The pattern with the bridge structure had a diameter of 321 
nm, height of 453 nm, pitch of 600 nm, and bridge height of 189 nm. 
 The resist patterns were transferred to the whole surfaces of glass 
substrates by RIE. As shown in Fig. 3.7(a), glass nanopillars without the bridge 
structure were successfully formed but had a trench at the edge of edge nanopillar 
caused by specular reflection of ions by the sidewall [15]. Figure 3.7(b) shows that 
the bridge structure was inherited from the resist pattern in the bridged glass 
nanopillars. In addition, the bridged nanopillars did not contain obvious trenches. It 
is widely accepted that the gradual sidewall of the bridge structure helps to avoid 
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concentration of specularly reflected ions at the base of nanopillars, thereby 
suppressing trench formation. 
 
 
Figure 3.5 (a) AFM image and (b) cross-sectional SEM image of the photoresist 
nanopattern without the bridged structure [1]. 
 
 
Figure 3.6 (a) AFM image and (b)–(d) cross-sectional SEM images of the photoresist 
nanopattern with the bridge structure [1]. 
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Figure 3.7 SEM images of glass nanopillars fabricated by dry etching using photoresist 
masks (a) without and (b) with the bridge structure [1]. 
 
3.3.3 Performance evaluation of bridged glass nanopillars 
 Figure 3.8 and 3.9 show results of friction tests of the glass nanopillars 
without and with the bridge structure, respectively. For the nanopillars without the 
bridge structure, scratch patterns were formed using a flannel cloth with the 
minimum load (100 g), as shown in Fig. 3.8(b), and the damage became progressively 
worse with increasing load. Figure 3.8(e) and (f) illustrate that the glass nanopillars 
collapsed from the edge of their bases. It is considered that this collapse behavior 
was caused by the stress concentration at their bases, as predicted by the simulation. 
In contrast, the bridged glass nanopillars did not collapse even when the highest 
load of 750 g was applied, which is consistent with the simulation results. The white 
spots in Fig. 3.9(d) are remnants of the flannel cloth used in friction testing. 
Moreover, as shown in Fig. 3.10, the sample was not damaged when scratched 
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vertically, horizontally, and diagonally on its surface. These results indicate that the 
scratch resistance of the bridged glass nanopillars has no directional dependence. 
  
 
Figure 3.8 Results of friction testing of the glass nanopillars without the bridge structure. 
(a) Photograph of the sample surface after friction testing. Optical microscope images of 
surfaces tested under a load of (b) 100 g, (c) 200 g, and (d) 750 g. (e, f) SEM images of 
damage caused using a 750-g load [1]. 
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Figure 3.9 Results of friction testing of glass nanopillars with the bridge structure. (a) 
Photographic, (b) optical, (c) laser, and (d) SEM images of the sample surface after testing 
[1]. 
 
 
Figure 3.10 Directional dependence of the scratch resistance of the bridged glass 
nanopillars. (a) Photograph of the sample surface indicating scratch directions. (b–d) 
SEM images of the scratched surfaces. White spots are contamination from the flannel 
cloth used in the friction tests [1].  
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 A high-stress friction test using steel wool was then performed on the 
bridged glass nanopillars under a load of 750 g. Figure 3.11 reveals that the bridged 
nanopillars did not break during the test; instead, the nanopillars were shaved from 
the top by the steel wool. This result indicates that the bridged glass nanopillars 
have higher scratch resistance than that of the bare glass substrate Therefore, the 
bridged glass nanopillars are strong enough for practical use. 
 
 
Figure 3.11 SEM image of bridged glass nanopillars after high-stress friction testing 
using steel wool [1]. 
  
 The optical properties of the glass substrate with bridged glass nanopillars 
was evaluated using UV-vis spectroscopy. Figure 3.12 shows the light transmittance 
of the glass substrates. The characteristics in the wavelength () range from= 600 to 
800 nm are shown, because they decrease monotonically at shorter . Above  = 750 
nm, the transmittance of the glass with bridged glass nanopillars was higher than 
that of the bare glass. However, it decreased dramatically and was inferior to that of 
the bare glass below  = 750 nm. The increase of transmittance induced by the 
bridged glass nanopillars at  > 750 nm can be explained by the moth-eye effect 
[21,30]. This effect also predicts that the transmittance of the sample with bridged 
glass nanopillars should be increased up to  = 600 nm because the pitch of the 
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nanopattern is 600 nm. This result agrees with the bluish appearance of the bridged 
glass nanopillars (Fig. 3.9(a)) Therefore, the bridged nanopillar structure needs to 
be further optimized from the viewpoint of optical property to maximize 
transmittance. 
 
 
Figure 3.12 Light transmittance of glass substrates with and without bridged glass 
nanopillars. 
 
3.3.4 Self-cleaning test 
 The wettability of samples with and without bridged glass nanopillars was 
determined by water contact angle measurements. Wettability is directly related to 
self-cleaning ability [9-11,17,18,22]. The water contact angles of glass substrates 
without and with the bridged glass nanopillars were 62 and less than 5, 
respectively. These results indicate that the nanopillars increased the wettability of 
the sample to provide a superhydrophilic surface, which can be explained by the 
Wenzel equation (Eq. (2.1)) [18]. Water droplets could not stick to the SAM-treated 
glass with bridged glass nanopillars, indicating that the sample was 
superhydrophobic, which can also be attributed to the Wenzel effect. 
 Figure 3.13 shows the results of self-cleaning tests on glass substrates with 
and without the bridged nanopillar structure. For the bare glass substrate (Fig. 
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3.13(b)), contaminants remained on the surface after washing. In contrast, no 
marked contamination remained on the glass substrate with the bridged glass 
nanopillars after spraying with water droplets. This result can be explained by the 
wettability of the glass substrate with bridged glass nanopillars as follows: (i) when 
a substrate is superhydrophilic, evenly spread water passes between the substrate 
and contaminants, lifting the contaminants slightly from the nanopillars so that they 
are then flushed away [10,11,17,18], or (ii) when a substrate is superhydrophobic, 
contaminants are easily collected and flushed away by the action of the rolling water 
droplets [9,21]. From these results, we concluded that the bridged glass nanopillar 
structure has both high durability and self-cleaning ability. 
 
 
Figure 3.13 Photographs of the glass substrates in self-cleaning tests. (a) Glass substrate 
with the bridged nanopillar structure before washing, and after washing (b) bare glass, 
(c) glass substrate with the bridged nanopillar structure, and (d) hydrophobic SAM-
treated glass substrate with the bridged nanopillar structure [1]. 
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3.4 Summary 
 In this study, we developed a bridged glass nanopillar structure with high 
mechanical durability. The bridged nanopillars were fabricated by Talbot 
photolithography and RIE. The improved scratch resistance of the bridged 
nanopillars compared with that of nanopillars without bridges was confirmed by 
finite element analysis. Stress concentration was suppressed by introducing a bridge 
structure that joined adjacent pillars in four directions. The bridge structure showed 
not only high scratch resistance in all directions, but also higher scratch resistance 
than that of the bare glass substrate. In addition, the bridged nanopillars displayed 
self-cleaning ability. The developed bridged glass nanopillars are a highly promising 
technology for functionalized glass used in displays. 
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Chapter 4 
Flexible indium tin oxide  
with simple micromesh patterning 
 
 
           
Flexible transparent electrodes are important components for flexible 
electronic devices. In this chapter, highly bendable transparent ITO 
electrodes with a mesh pattern for use in flexible electronic devices are 
described. The mesh patterns are shown to lower tensile stress and 
suppress crack propagation. Simulations using the finite element method 
confirmed that the mesh patterns decreased tensile stress by more than 
10% because the strain was shared with the flexible film when the 
electrodes were bent. The patterned ITO electrodes are fabricated by simple 
photolithography and wet etching processes. The resistance increase ratio 
of a mesh-patterned ITO electrode after 1000 times bending was at least 
two orders of magnitude lower than that of a planar ITO electrode. In 
addition, crack propagation was stopped by the mesh pattern of the ITO 
electrode. A mesh-patterned ITO electrode was used in a liquid-based OLED. 
The current density–voltage–luminance (𝑱– 𝑽–𝑳) curves of the OLEDS did 
not alter even if it was bended 100 times. These results indicate that the 
developed mesh-patterned ITO electrodes are useful for flexible electronic 
devices. 
           
 
 
        
The contents of this chapter have been published in the following journal article: 
“Highly flexible transparent electrodes based on mesh-patterned rigid indium tin 
oxide”, Scientific Reports, vol. 8, pp. 2825, 2018 [1].   
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4.1 Introduction 
 Flexible electronic devices, such as OLEDs, touch panels, and organic solar 
cells have attracted attention because of their unique properties, for example light 
weight, conformability, high mechanical stability, and high formability [2]. These 
devices are used in novel applications, including portable and wearable devices, and 
they are expected to enrich people’s lives. As important components of flexible 
electronic devices, electrodes that are flexible, transparent in the visible light range, 
chemically and physically stable, and display favorable electrical properties, such as 
appropriate work function and high conductance, are required. 
 Recently, extensive effort has been devoted to develop flexible transparent 
electrodes for use in flexible electronics; for example, Ag nanowires [3,4], Al nanowire 
networks [5], an Au nanosquare mesh [6], poly-(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) films [7], and carbon nanotubes 
[8,9]. Flexibility of these advanced electrodes was realized owning to material 
ductility or malleability. In conventional electrodes, nano/micro structures are used 
to get transparency [10-12]. Patterns, especially honeycomb structure, maintain the 
strength of the material while increasing flexibility [13]. However, there are few 
flexible transparent electrodes that fulfill all the above-mentioned requirements.  
ITO has been widely used for transparent electrodes because it possesses 
the following advantages as compared with other transparent electrodes though it is 
being expensive: excellent optical transparency (>90% at 550 nm) [14], high electrical 
conductivity (<1×10−3 Ωcm) [15], and an appropriate work function for hole injection 
(4.4–4.5 eV) [16,17]. Moreover, ITO shows high chemical and physical durability [18], 
and high workability [19]. However, conventional ITO electrodes are not suitable for 
use in flexible devices as ITO forms cracks easily due to its rigidity arising from its 
ionic bonds. Cracks in ITO lead to electrical failure of devices [20-23]. Many novel 
ITO-based flexible transparent electrodes have been developed to prevent ITO from 
cracking, including ITO nanowires [18], ITO nanoparticles [20], an ITO/CuS 
nanosheet network composite film [21], ITO grown by a continuous roll-to-roll 
sputtering process [24], and a Ag nanowire-embedded ITO film [15]. However, the 
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reported ITO-based flexible transparent electrodes possess complicated structures 
or require complex processing. 
 In this study, we propose highly bendable transparent ITO electrodes with 
simple mesh structures. The proposed electrodes are fabricated by a two-step process 
that involves photolithography and wet etching. Figure 4.1 shows the concept of a 
highly flexible ITO electrode with a mesh pattern. The mesh pattern is effective to 
prevent ITO from cracking by suppressing stress concentration. Furthermore, even 
if cracks form, the mesh pattern stops their propagation; thereby, conductivity can 
be maintained. Three different kinds of mesh patterns are designed to investigate 
the effects of pattern shape and size on electrode performance. In addition, liquid-
based OLEDs with mesh-patterned ITO electrodes are fabricated to verify their 
utility in applications. Liquid organic semiconductors (LOSs) are used as emitters 
because they possess high potential for use in flexible electronic devices [25-28]. 
 
 
Figure 4.1 Concept of highly bendable transparent mesh-patterned ITO electrodes. The 
mesh pattern improves electrode flexibility by lowering tensile stress and stopping crack 
propagation [1]. 
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4.2 Methods 
4.2.1 Design of mesh-patterned ITO 
 The design of a mesh-patterned ITO electrode is shown in Fig. 4.2. An ITO 
layer with a thickness of 130 nm on a flexible film with a sheet resistance of 30 Ω 
per square (Kyoei Denshi Co., Ltd.) was used. We used 125-nm-thick polyethylene 
terephthalate (PET) and polyethylene naphthalate (PEN) as flexible films. A PET 
film was selected because it is widely used in flexible devices owing to its high optical 
transparency. To demonstrate the mesh-patterned ITO electrode in an OLED, a PEN 
film was selected to avoid heat denaturation during OLED fabrication because PEN 
has a high glass-transition temperature. To investigate the effects of pattern 
parameters on electrode performance, three kinds of characteristic patterns: square 
mesh, fine square mesh, and honeycomb mesh, were examined. The dimensions of 
the mesh patterns were smaller than the size of one pixel in common displays to 
obtain uniform emission [29]. 
 
 
Figure 4.2 (a) Overall view of a mesh-patterned ITO electrode. Design of (b) square, (c) 
fine square, and (d) honeycomb mesh-patterned ITO electrodes [1].  
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4.2.2 Fabrication process 
 The mesh-patterned ITO electrodes were fabricated by a simple two-step 
fabrication process that involves photolithography and wet etching. First, a 
commercially produced ITO/PET film (Kyoei Denshi Co.) was cleaned sequentially 
in acetone and then isopropyl alcohol by ultrasonication for 5 min, before being 
rinsed with deionized water. A 7-µm-thick photoresist layer (AZ4620, AZ Electronic 
Materials Co.) was spin-coated on the clean ITO/PET film. Subsequently, the resist 
patterns used as etching masks were prepared by UV exposure (436 nm, 250 mJ/cm2). 
Then, the ITO layer was etched by diluted aqua regia (HCl : HNO3 : H2O = 5 : 1 : 6), 
which was diluted to lower the etching rate. Finally, the mesh-patterned photoresist 
layer was removed with organic solutions. This process did not affect the surface 
properties of ITO because its surface was protected by a mask layer during 
patterning that was completely removed after the fabrication. 
 
4.2.2 Evaluation 
 The flexibility of the mesh-patterned ITO electrodes was evaluated by cyclic 
bending tests, as shown in Fig. 4.3. An unpatterned ITO electrode on PET was also 
evaluated as a reference. The radius of curvature of the electrodes was fixed at 6.85 
mm with a cylinder. The distance between contact probe pads was kept at 30 mm. 
Each electrode was bent 1000 times along its long side. Changes of resistance were 
measured using a digital resistance meter (DT-117, Hozan Tool Industrial Co. Ltd.). 
The surfaces of the ITO electrodes before and after cyclic bending tests were 
evaluated by SEM (Hitachi High-Technologies Co., SU-8240 and S-4800). To clearly 
reveal defects, SEM images of the mesh-patterned ITO electrodes were obtained in 
a bent state. Moreover, the optical properties of the mesh-patterned ITO electrodes 
were evaluated using a UV-vis spectrophotometer (U-3900, Hitachi High-
Technologies, Ltd.). 
 To evaluate the performance of the mesh-patterned ITO electrodes in devices, 
liquid-based OLEDs with planar or mesh-patterned ITO electrodes were fabricated. 
LOSs, which were first reported in 2009 [30], are liquids at room temperature. Thus, 
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LOSs prevent detachment or peeling of the emitting layer from electrodes in liquid 
OLEDs [31]. However, liquid OLEDs with LOSs have showed low efficiency to date, 
even though LOSs are expected to allow realization of truly flexible devices [25]. 
Design and energy diagrams of the liquid OLEDs are presented in Fig. 4.4. The 
OLEDs were fabricated using a heterogeneous bonding technique in accordance with 
our previous work [25-28]. An LOS as an emitting layer was sandwiched between 
ITO electrodes with a 6-µm-thick negative-type photoresist spacer (SU-8, 
MicroChem Corp.). Square mesh-patterned ITO was used as a cathode. An epoxy-
terminated SAM (3-glycidodyloxypropyltriethoxysilane; GOPTS) and an amine-
terminated SAM (3-aminopropyltriethoxysilane; APTES) were prepared on the ITO 
anode and cathode, respectively, to increase their bonding strength [32]. In addition, 
APTES lowers the work function of ITO, which improves electron injection from ITO 
to the lowest unoccupied molecular orbital (LUMO) of the LOS [28]. The LOS 1-
pyrenebutyric acid 2-ethylhexyl ester (PLQ; Nissan Chemical Industries, Ltd.) was 
selected as the liquid emitting layer. PLQ exhibits EL emission through 
recombination of holes and electrons injected from the SAM-modified electrodes. The 
area of the emitting layer was 2 mm2. Mesh-patterned ITO electrodes before and 
after bending 100 times were used as cathodes in the liquid OLEDs. 𝐽– 𝑉– 𝐿 
characteristics of the devices were measured under DC operation by a source meter 
(2400, Keithley) and photodetector (1936-R, Newport). 
 
 
Figure 4.3 Experimental setup used to evaluate the flexibility of mesh-patterned ITO 
electrodes. The radius of curvature of the electrode was fixed to 6.85 mm with a cylinder 
[1]. 
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Figure 4.4 (a) Device structure and (b) energy diagram of a liquid OLED using a mesh-
patterned ITO electrode. 
 
4.3 Results and discussion 
4.3.1 Numerical simulation using the finite element method 
 To verify the concept of the flexible mesh-patterned ITO electrodes, the 
tensile stress and strain on them in the bent state were simulated using the finite 
element method (COMSOL Multiphysics software ver. 5.1, COMSOL AB). An 
unpatterned ITO electrode and ones with square, fine square, and honeycomb mesh 
patterns were evaluated in elastic regime. In the models, the thickness of the PET 
film was decreased to 2 µm to perform the calculations with finite elements of 
sufficiently small size. The short side of the PET film was fixed, and the opposite 
side was moved through displacement to bend the film with a constant radius of 
curvature. The detailed calculation parameters and material properties are 
summarized in Fig. 4.5 and Table 4.1, respectively. The radius of curvature used in 
the calculations was 7 µm to reflect the thickness of the PET film model.  
 
Table 4.1 Material parameters used in the simulation. The parameters are cited from a 
previous report [33]. 
 Young’s modulus (GPa) Poisson’s ration 
ITO 1.18×102 0.30 
PET 2.9 0.37 
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Figure 4.5 Schematic diagram of the simulation model [1]. 
  
 Figure 4.6(a) shows the calculated tensile stress of ITO in the vicinity of the 
ITO/PET interface. The tensile stress decreased considerably along the short side of 
the model. The average in-plane tensile stress, which was the mean value of the 
center area of each model to avoid the influence from the edges, of the models is 
summarized in Table 4.3. The average tensile stress on ITO near the ITO/PET 
interface was lowered by more than 10% by introducing the mesh patterns. The fine 
square mesh pattern exhibited lower stress than the other patterns; thus, the finer 
pattern displayed higher flexibility than the coarser ones. The strain of the PET film 
is illustrated in Figure 4.6(b). These results indicate that the strain escaped from 
ITO to the flexible substrate along the mesh pattern. The strain can escape to the 
flexible film in the models with mesh-patterned ITO because they have ITO-free 
areas. In contrast, planar ITO does not have ITO-free areas, so the strain remains 
in ITO. Thus, it is predicted that the mesh pattern can suppress crack formation in 
ITO because of its lower tensile stress than that of a solid ITO film. The stress of the 
honeycomb pattern was slightly higher than those of the other patterns. It is believed 
that the honeycomb structure does not allow stress to readily escape because of its 
high mechanical strength [13].  
 In conventional flexible electrodes, flexibility has been realized by 
enhancing material properties; in addition, nano/microstructures have been used to 
obtain transparency [10-12]. As a result, it is difficult to realize flexible electrodes 
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from rigid materials using the conventional concept. Our concept is different from 
the conventional concept based on material properties. The above results indicate 
that our concept is useful to develop novel flexible electrodes based on rigid materials 
including metal oxides. 
 
 
Figure 4.6 Simulation results. (a) Stress in ITO in the vicinity of the ITO/PET interface. 
(b) Strain in PET near the ITO/PET interface. Inset: Enlarged image of the result for the 
fine square mesh-patterned ITO electrode [1]. 
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Table 4.2 Average relative tensile stress of the center area of the planar ITO electrode 
and square, fine square, and honeycomb mesh-patterned ITO electrodes. 
 Tensile stress (a.u.) 
Planar 1.00 
Square 8.66×10-1 
Finer square 8.01×10-1 
Honeycomb 8.89×10-1 
 
4.3.2 Performance evaluation of mesh-patterned ITO electrodes 
 Optical microscope images of the fabricated mesh-patterned ITO electrodes 
are shown in Fig. 4.7(a)-(c). The etching rate of diluted aqua regia was 6 nm/s. The 
mesh patterns were successfully fabricated via the simple two-step fabrication 
process with an error of 10% or less as compared with the design parameters. The 
edges of the mesh patterns were rounded in the etching process. This is desirable 
because rounded corners help to avoid stress concentration at the edges of the 
pattern [34,35]. 
 
 
Figure 4.7 Optical microscope images of (a) square, (b) fine square, and (c) honeycomb 
mesh-patterned ITO electrodes [1].  
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 Figure 4.8 shows the increase of the resistance ratio (𝑅𝑛/𝑅0) versus the 
number of bending times of the unpatterned (planar) and patterned ITO electrodes 
during cyclic bending tests, where 𝑅0 and 𝑅𝑛 are the initial resistance and that 
after bending n times, respectively. The 𝑅𝑛/𝑅0  values of various other mesh 
patterns are also presented in the Fig. 4.8. The resistances and increase ratio 
(𝑅1000/𝑅0) before and after 1000 times bending are summarized in Table 4.3. 𝑅0 of 
the planar ITO electrode was 55.7 Ω. 𝑅𝑛 increased by approximately 1700 times 
after 1000 cycles (𝑅1000 = 9.14 × 10
4 Ω). In contrast, 𝑅0 of the mesh-patterned ITO 
electrodes was slightly higher than that of the planar ITO electrode because of the 
patterning. 𝑅𝑛/𝑅0  values of the ITO electrodes with square, fine square, and 
honeycomb mesh patterns after bending 1000 times were 1.83, 1.05, and 14.7, 
respectively, which were lower than that of the planar ITO electrode by at least two 
orders of magnitude (Table 4.3). It is considered that these results were caused by 
the lower tensile stress of the patterned ITO compared with that of planar ITO, as 
predicted by the simulation (Section 4.3.1). Comparing the shapes of the mesh 
patterns, the fine square mesh showed the lowest increase of 𝑅𝑛/𝑅0  and the 
honeycomb mesh exhibited the highest. This tendency also agreed well with the 
simulation results for tensile stress and the in-plane average tensile stress values 
for the different patterns.  
 
Table 4.3 Electrical resistance of ITO electrodes with and without mesh patterns before 
and after bending 1000 times and their resistance increase ratios. 
 
Resistance before 
bending (Ω) 
Resistance after 1000 
times bending (Ω) 
Increase rate 
Planar 5.57×101 9.41×104 1.69×103 
Square 1.71×102 3.14×102 1.83 
Fine square 1.51×102 1.59×102 1.05 
Honeycomb 1.02×102 1.50×103 1.47×101 
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Figure 4.8 Change of electrical resistance versus the number of bending cycles for a 
planar ITO electrode and ones with various mesh patterns [1]. 
 
 SEM images of the ITO electrode surfaces are presented in Fig. 4.9. Obvious 
cracks formed in the planar electrode after the bending test (Fig. 4.9(a) and (b)). The 
planar ITO electrode cracked easily during cyclic bending because of its rigidity. In 
contrast, only a few cracks were observed in the mesh-patterned ITO electrodes (Fig. 
4.9(c)-(f)). Thus, cracking was suppressed in the mesh-patterned ITO electrodes, 
which is accounted for by the simulation results. In addition, crack propagation was 
stopped by the patterns. This effect supports the low increase of 𝑅𝑛/𝑅0 of the mesh-
patterned ITO electrodes during bending testing. Therefore, it is confirmed that the 
flexibility of the mesh-patterned ITO electrode was obtained by suppression of the 
stress and hindered crack propagation.  
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Figure 4.9 SEM images of the mesh-patterned ITO electrodes. Planar ITO surface (a) 
before and (b) after bending 1000 times. Surface of the square mesh-patterned ITO 
electrode after bending 1000 times at (c) low and (d) high magnification. Surface of the 
honeycomb mesh-patterned ITO electrode at (e) low and (f) high magnification. The light 
spots present on ITO are considered to be ITO particles that adhered to the electrodes 
during the etching process [1]. 
 
 The optical properties of the mesh-patterned ITO electrodes were evaluated 
using UV-vis spectroscopy. Figure 4.10 shows the light transmittance of the planar 
and mesh-patterned ITO electrodes before and after bending. The different 
transmittance of the planar and mesh-patterned ITO electrodes is thought to be 
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caused by the areas without ITO in the patterned electrodes. The square and 
honeycomb meshes showed slightly higher transmittance than that of the fine 
square mesh. Moreover, it was confirmed that the transmittance of the square mesh 
pattern decreased after bending, whereas that of the other patterns was not 
markedly affected by bending. Optimization of the mesh pattern from an optical 
perspective will be required in the future. 
 
 
Figure 4.10 Transmittance of (a) square, (b) fine square, and (c) honeycomb mesh-
patterned and (d) planar ITO electrodes. The peak wavelength of EL emission of PLQ is 
indicated by a blue dashed line in each spectrum [1]. 
 
4.3.3 Evaluation of liquid-based OLEDs with mesh-patterned ITO electrodes 
 Square mesh-patterned ITO electrodes on PEN films before and after 
bending 100 times were used in OLEDs. PEN has similar mechanical properties to 
those of PET, so the mesh-patterned ITO electrode on a PEN film should display the 
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same characteristics as those of the electrode on a PET film. Planar ITO electrodes 
before and after bending 100 times were also used in OLEDs as references.  
 The 𝐽– 𝑉– 𝐿  characteristics of the OLEDs are shown in Fig. 4.11. The 
experiment was repeated two or three times; the same results were obtained, 
indicating sufficient reproducibility. Figure 4.12 presents representative data for the 
OLEDs. J and L were calculated by dividing the measured values by the active device 
area (2 mm2). The 𝐽– 𝑉– 𝐿 characteristics of the OLEDs with the planar and mesh-
patterned ITO electrodes before bending were similar. That is, J was proportional to 
𝑉2; namely, the OLEDs showed space-charge-limited current behavior [31,16]. This 
indicates that stable carrier injection was achieved from the mesh-patterned ITO 
electrode. The OLED with a mesh-patterned ITO electrode before bending exhibited 
lower J and L values compared to those of the OLED with a planar ITO electrode 
before bending. This is because the actual areas of the electrodes were different; thus, 
the calculated values were shifted according to the electrode area. 
 
 
Figure 4.11 J-V (closed dot) and L-V (open dot) characteristics of liquid-based OLEDs with 
planar or mesh-patterned ITO electrodes before or after bending 100 times. The device 
containing a planar ITO electrode after bending 100 times did not work [1].  
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 The OLED with the planar ITO electrode after 100 bending times showed 
low J values and did not emit light. In contrast, the OLED with the mesh-patterned 
ITO electrode after bending 100 times displayed the same 𝐽– 𝑉 curve as those of the 
planar and mesh-patterned ITO electrodes before bending. These results indicate 
the stable performance of the mesh-patterned ITO electrode in a flexible device. The 
same 𝐿–𝑉 curve was obtained for the OLEDs with mesh-patterned ITO electrodes 
before and after bending, whereas the 𝐿–𝑉 curve shifted downwards for the device 
with the mesh-patterned ITO electrode after bending 100 times. It is considered that 
a decrease of transmittance caused by small cracks forming in the square mesh-
patterned ITO electrode during bending was one of the reasons for the shift of L, as 
shown in Fig. 4.10. In addition, because the refractive indices of PEN, ITO, and PLQ 
are 1.7 [37], 1.9 [38], and 1.6, respectively, total reflection could occur in the damaged 
electrode depending on the incident angle of the crack. In contrast, total reflection 
did not occur in the undamaged ITO electrodes. Therefore, it is inferred that 
propagated light was trapped in the ITO layer by the cracks formed during repeated 
bending cycles.  
 Figure 4.12 shows the EL curves of the OLEDs with mesh-patterned ITO 
electrodes before and after bending 100 times under 70-V DC operation. Uniform EL 
emission was obtained from both OLEDs, indicating that the pattern size was fine 
enough not to affect the emission. In addition, cyclic bending did not have an obvious 
effect on the EL behavior of the device. It is considered that there is no limitation of 
the flexibility of mesh-patterned ITO from the viewpoint of electrical conductivity of 
the device, because 𝐽  did not change much after bending 100 times and the 
resistance of the mesh-patterned ITO did not increase after bending 100 times. 
However, consideration from both electrical and optical perspectives will be required 
to further improve the performance of flexible devices. 
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Figure 4.12 Electroluminescence from liquid-based OLEDs containing mesh-patterned 
ITO electrodes (a) before and (b) after bending 100 times. The operating voltage was 70 
V [1]. 
 
4.4 Summary 
 We developed a highly bendable transparent ITO electrode structure based 
on simple mesh patterns. Mesh-patterned ITO electrodes were successfully 
fabricated via a simple two-step process involving photolithography and wet etching. 
Simulation results implied that the mesh patterns lowered the tensile stress of ITO. 
The increases of 𝑅𝑛/𝑅0 after bending 1000 times for the square, fine square, and 
honeycomb mesh-patterned ITO electrodes were smaller than that of the planar ITO 
electrode by at least two orders of magnitude. SEM images verified that the mesh-
patterned ITO electrodes showed excellent flexibility compared with that of the 
planar ITO electrode by suppressing crack propagation. This effect is not the same 
as that of conventional concepts to obtain flexible devices, which are based on 
malleability or ductility of materials. Our results indicated that mesh patterning will 
be a useful approach to increase the flexibility of metal oxides regardless of their 
rigidity. In addition, the J-V-L characteristics of an OLED containing a mesh-
patterned ITO electrode after bending 100 times were the same as those of an OLED 
with a planar ITO electrode before bending. Moreover, the OLED with a mesh-
patterned ITO electrode after bending 100 times exhibited uniform EL emission.  
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 Finally, we compared previously reported flexible ITO electrodes and our 
mesh-patterned ITO electrode, as shown in Fig. 4.13. The developed mesh-patterned 
ITO is not the most flexible type of ITO produced to date, although it realizes top-
level flexibility using a simple structure and fabrication process, unlike the other 
electrodes. Overall, the developed mesh-patterned ITO electrodes are attractive for 
use in future practical flexible electronic devices. 
 
 
Figure 4.13 Performance comparison of reported flexible ITO electrodes and the 
developed mesh-patterned ITO electrode. Some previous reports stated that the 
resistance did "not change, although the measured minimum range differs between 
papers. Therefore, if the previous report stated “not changed”, we show the resistance 
change here as the measured minimum range. 
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Chapter 5 
Suppression of external quantum  
efficiency roll-off in nanopatterned  
organic light-emitting diodes 
 
 
           
We developed OLEDs with nanopatterned current flow regions using EB 
lithography with the aim of suppressing SPA. Nanopatterns composed of 
lines and circles were used in the current flow regions of nano-line and 
nano-dot OLEDs, respectively. Excitons partially escape from the current 
flow regions where SPA occurs. As such, the current densities at which 
EQEs were half of their initial values (𝑱𝟎) increased as line width and circle 
diameter were decreased to close to the exciton diffusion length. Circles 
were more efficient at enhancing exciton escape and increasing 𝑱𝟎 than 
lines. The 𝑱𝟎 increase in the nano-dot OLEDs containing nanopatterned 
circles with a diameter of 50 nm was approximately 41 times that of a 
conventional OLED with a current flow region of 4 mm2. The dependence of 
𝑱𝟎 on the size and shape of the nanopatterns was well explained by an SPA 
model that considered exciton diffusion. The results demonstrated that 
nanopatterning of OLEDs is a feasible method to obtain large 𝑱𝟎. 
           
 
 
        
The contents of this chapter have been published in the following journal article: 
“Suppression of external quantum efficiency roll-off of nanopatterned organic-light 
emitting diodes at high current densities”, Journal of Applied Physics, vol.118, pp. 
15501, 2015 [1].   
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5.1 Introduction 
 Over the past few decades, OLEDs have been extensively developed because 
of advantages like low-cost fabrication, light weight, flexibility, and a wide variety of 
emission wavelengths [2-4], which make it possible to use OLEDs as displays [5], 
lighting [6], and excitation sources for fluorescent detection systems [7]. Additionally, 
organic materials that show optical gain are attractive options for producing on-chip 
coherent light sources. In fact, there have been many reports on optically pumped 
organic semiconductor lasers [8-10]. However, despite a number of intensive studies, 
electrically pumped OSLDs have not yet been realized [11-14]. There are four major 
hurdles that need to be overcome to obtain OSLDs: (i) high current density injection 
and transport of over a few kA/cm2 to achieve population inversion of excitons, (ii) 
suppression of bimolecular or heat annihilation processes [14-20], (iii) minimization 
of waveguide loss, such as light absorption by metal electrodes, and (iv) minimization 
of absorption loss by triplet excitons and polarons. Under optical pumping, these 
hurdles are surmounted because population inversion is easily obtained, few triplet 
excitons and polarons are formed, and metal electrodes are not required. In contrast, 
it is extremely difficult to overcome these issues simultaneously under electrical 
pumping. 
 Amplified spontaneous emission (ASE) from a multilayered OLED 
containing a bis-styrylbenzene derivative as a laser dye under optical pumping has 
been reported [20,21]. From the results, it was estimated that the current density 
required to induce electrical ASE was greater than kA/cm2 from its optical ASE 
threshold energy. Operation of OLEDs at high current density (over kA/cm2) has 
already been demonstrated by managing Joule heating using a small active area and 
substrate with high thermal conductivity [15,20,20-24]. In addition, short pulse 
operation can also suppress Joule heating [26-28]. However, dramatic roll-off of 
EQEs at high current densities was observed in these OLEDs because of the presence 
of bimolecular annihilation such as singlet–singlet annihilation (SSA) [14,15], 
singlet–triplet annihilation (STA) [16,17], and SPA [14,18-20]. Furthermore, singlet–
heat annihilation (SHA) [15,22] causes efficiency roll-off of OLEDs operated at high 
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current densities because exciton dissociation induced by Joule heating cannot be 
neglected. The annihilation processes can be written as follows: 
 SSA: 𝑆1 + 𝑆1  
     𝑘𝑆𝑆     
→      𝑆1 + 𝑆0  (5.1) 
 STA: 𝑆1 + 𝑇1  
     𝑘𝑆𝑇     
→      𝑆0 + 𝑇1 
(5.2) 
 SPA: 𝑆1 + 𝑆0
+ (𝑜𝑟 𝑆0
−)  
     𝑘𝑆𝑃     
→      𝑆0 + 𝑆0
+ (𝑜𝑟 𝑆0
−)  (5.3) 
 SHA: 𝑆1 + 𝑃ℎ𝑜𝑛𝑜𝑛 (ℎ𝑒𝑎𝑡)  
     𝑘ℎ𝑒𝑎𝑡     
→        𝑆0
+ + 𝑆0
−  (5.4) 
 
where 𝑘𝑆𝑆, 𝑘𝑆𝑇, 𝑘𝑆𝑃, and 𝑘ℎ𝑒𝑎𝑡 are the exciton annihilation rate constants for SSA, 
STA, SPA, and SHA, respectively. 𝑆0, 𝑆1, 𝑇1, and 𝑆0
+ (or 𝑆0
−) represent the ground 
state, singlet excited state, triplet excited state, and trapped charge carriers, which 
are assumed to annihilate singlet excitons, respectively. The influence of SSA and 
STA can be decreased by minimizing the overlap of the PL spectrum and the 
absorption spectrum of excited states using optimal materials. When OLEDs are 
electrically excited, electrons and holes injected from the electrodes and transported 
through the organic layers recombine in the emitting layer to generate excitons. 
Strong SPA occurs before the excitons decay radiatively because a number of excitons 
and charge carriers (polarons) coexist in the current flow region. To realize OSLDs, 
the above annihilation processes must be prevented to suppress efficiency roll-off. 
 In this study, to overcome this problem, we propose OLEDs with 
nanocurrent flow regions patterned by EB lithography. These devices are termed 
“nano-OLEDs”, and the concept was developed in collaboration with Prof. Adachi’s 
group at Kyushu University [25]. The mechanism of the nano-OLEDs is shown in 
Fig. 5.1(a). The charge carriers, which are trapped by the electric field, exist near 
the current flow region, while the excitons, which are electrically neutral, escape 
from the current flow region. Thus, our strategy to suppress SPA is to allow the 
generated excitons to escape from the current flow region (charge carriers) by 
decreasing the area of the current flow region to close to the exciton diffusion length. 
In addition, Joule heating is suppressed by the small size of the current flow regions. 
We prepared OLEDs with circular current flow regions, which are termed nano-dot 
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OLEDs, and linear current flow regions, coined nano-line OLEDs [25], to examine 
the effects of the current flow region shape on device characteristics, as shown in Fig. 
5.1. We show that the nano-dot OLEDs are superior to the nano-line OLEDs in terms 
of both SPA suppression and higher current density injection. Moreover, we 
successfully explain the size- and shape-dependent SPA characteristics of the OLEDs 
using a theoretical SPA model that takes into account the directional dependence of 
the exciton diffusion length. Understanding the relationships between the shape and 
size of current flow regions, exciton diffusion, and SPA is an important step toward 
realizing OSLDs. 
  
 
Figure 5.1 (a) Schematic diagram of exciton diffusion in nanopatterned OLEDs. (b) 
Exciton diffusion in one direction in a nano-line OLED (left) and diffusion in all 
directions in a nano-dot OLED (right) [1]. 
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5.1.1 Theory for nano-OLEDs 
 The charge carrier mobility in an organic semiconductor is much lower than 
that in an inorganic semiconductor because of the potential barrier between the 
molecules. The electron and hole mobilities of 4,4´-bis[(N-carbazole)styryl]biphenyl 
(BSB-Cz), which is a promising material as the emitter of OSLDs and we used in the 
nano-OLEDs, are about 𝜇𝑒~3×10−4 cm2/Vs and 𝜇ℎ~7×10−4 cm2/Vs, respectively [19]. 
In addition, the diffusion coefficient of charge carrier (𝐷𝐶) is given by the Einstein 
relationship: 
 
𝐷𝐶 =
𝑘𝑇𝜇
𝑞
 (5.5) 
 
,where 𝑘 is Boltzmann’s constant, T is the temperature, 𝜇 is the charge carrier 
mobility, and 𝑞 is the electric charge. The time of flight (𝜏𝐶) of the charge carrier in 
the OLEDs is 
 
𝜏𝐶 =
𝑑𝑓
𝜇𝐸
=
𝑑𝑓
2
𝜇𝑉
 (5.6) 
 
,where 𝑑𝑓 is the film thickness, 𝐸 is the electrical field that is created in the film 
by the applied voltage (𝑉). The spatial extent of charge carrier diffusion (𝐿𝑐 ) is 
estimated by 𝐿𝑐 = √𝜏𝐶𝐷𝐶. Therefore, 𝐿𝑐 in the OLEDs is represented as follows: 
 
𝐿𝑐 = 𝑑𝑓√
𝑘𝑇
𝑉𝑞
 (5.7) 
 
The 𝐿𝑐 of 3 nm (at 𝑑𝑓 = 100 nm, 𝑉 = 30 V, and room temperature) is derived from 
the relationship, and it is minimized with increasing applied voltage. 
 In contrast, exciton is electrically neutral and stable at room temperature 
because the excitons in OLEDs are Frenkel excitons [29,30]; thus, they can diffuse 
based on Förester type energy transfer [31,32]. The previously reported exciton 
diffusion length of BSB-Cz is 13 nm [25]. Therefore, the difference between the 
diffusion lengths allows the charge carrier and the excitons to be separated.  
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5.2 Experiment 
 Nano-OLEDs were fabricated as illustrated in Fig. 5.2. ITO-coated glass 
substrates (100 nm ITO, Atsugi Micro Co.) were cleaned by conventional 
ultrasonication. A layer of hexamethyldisilazane (HMDS) was fabricated on each 
ITO surface by spin coating. A 35-nm-thick resist layer was spin-coated on each of 
the HMDS-treated substrates from a solution of ZEP-520A (Zeon Co.) diluted with 
anisole (1:3 v/v) and then heated at 180 °C for 3 min. The resist layers were pattered 
with lines with a length of 2 mm and width (𝑑) of 80–230 nm or circles with a 
diameter (Φ) of 50–200 nm by EB lithography (JBX-5500, JEOL or ELS-7700W, 
Elionix Co.). The patterns were exposed with different dose amount from 6 µC/cm2 
to 160 µC/cm2 by the acceleration of 75 kV. To enhance luminance from the nano-dot 
OLEDs, the circles were patterned on an area of 200 × 200 µm with a 200 nm interval 
between the edges of circles. The line patterns were developed by soaking the resist 
layers in developer (ZED-N50, Zeon Co.) at room temperature. To obtain precisely 
defined circular patterns, a cold development method where the developer was cooled 
below −10 °C [33,34] was used. The line and circle patterns formed on the resist 
layers were observed using scanning electron microscopy (SEM; S8240, Hitachi). 
 
 
Figure 5.2 Schematic diagrams outlining the fabrication process of nano-dot OLEDs and 
the resulting OLED structure. (a) Glass substrate with a 100-nm-thick ITO anode layer. 
(b) Spin-coating resist on ITO as an insulator. (c) Development of nanopatterns by EB 
lithography. (d) Deposition of organic layers and metal cathode [1]. 
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 Several organic layers and a metal electrode were then vacuum-deposited 
on the line- and circle-patterned insulators under a base pressure of 10−4 Pa to 
fabricate OLEDs with the following architecture, as shown in Fig. 5.3(a): glass 
substrate/ITO anode (100 nm)/α-NPD hole-transport layer (60 nm)/mCP electron-
blocking layer (10 nm)/BSB-Cz emitting layer (20 nm)/BCP hole-blocking layer (10 
nm)/PoPy2 electron-transport layer (30 nm)/LiF electron-injection layer (0.8 nm)/Al 
cathode (100 nm), where α-NPD, mCP, BSB-Cz, BCP, and PoPy2 stand for 4,4´-bis[N-
(1-naphthyl)-N-phenylamino]biphenyl, N,N-dicarbazolyl-3,5-benzene, 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline, and phenyldipyrenylphosphine oxide, 
respectively. The structures of these molecules are depicted in Fig. 5.3(b). BSB-Cz 
was used as the emitter because it shows a very low ASE threshold energy [24,35,36]. 
The resist layers left on the ITO surfaces acted as insulators. Therefore, the current 
flow regions of the OLEDs were limited to the line and circle regions. Reference 
OLEDs with a 2 × 2 mm current flow region, which was defined by the overlapping 
area of patterned ITO and Al, were fabricated without a resist insulating layer. The 
deposition rate was fixed at 0.2 nm/s for the organic layers, 0.01 nm/s for LiF, and 
0.2 nm/s for Al. 𝐽– 𝑉–𝜂𝑒𝑥𝑡  characteristics of the OLEDs were measured using an 
integrating sphere system (A10094, Hamamatsu Photonics) at room temperature. 
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Figure 5.3 (a) Architecture and energy diagram of the nano-OLEDs. (b) Molecular 
structures of organic compounds used in the nano-OLEDs. 
 
5.3 Results and discussion 
5.3.1 Nanomask patterning with a cold development method 
 Figure 5.4 shows SEM images of the circle patterns fabricated with and 
without using the cold development method. When the circle patterns were 
developed at room temperature (Fig. 5.4(a)), the obtained Φ (approximately 139 
nm) was much larger than the design value of 100 nm. This is because it is difficult 
to form precisely defined patterns in a very thin EB resist layer (ZEP-520A) spin-
coated on an ITO layer as there is excess exposure of the resist layer by electrons 
backscattered from the ITO layer [37]. In contrast, the cold development method 
gave well-defined circle patterns with Φ = ~103 nm, very close to the design value 
of 100 nm, as illustrated in Fig. 5.4(b). This is because intermediate-molecular-
weight chain segments in the unnecessarily exposed regions of the resist layer were 
frozen out and not developed by the cold developer, as reported by Ocola and Stein 
[34,35].  
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Figure 5.4 Effect of development method on the exposed area for a pattern design with 
Φ = 100 nm. Dot patterns formed in a 35-nm-thick resist layer using (a) conventional 
room-temperature development and (b) cold development [1]. 
 
 SEM images of the line and circle patterns with different 𝑑  and Φ are 
presented in Fig. 5.5. Well-defined linear patterns could be obtained without using 
the cold development method because the electron backscattering effect is not large 
when fabricating “single” line patterns. The errors of d and Φ between the obtained 
and designed patterns were less than 5%. Additionally, no resist residue was left 
inside the patterns because ITO grains are clearly visible. Figure 5.6 shows 
photographs of the nano-line and nano-dot OLEDs under DC operation. The EL 
emission was line- or dot-shaped and no EL was observed in the insulating resist 
regions, indicating that the current flow regions were successfully limited to inside 
the line and dot regions.  
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Figure 5.5 SEM images of line- and circle-patterned insulator layers [1]. 
 
 
Figure 5.6 Top-view photomicrograph of EL emission from the nano-OLEDs with (a) line 
pattern (𝑑 = 130 nm) and (b) circle pattern (Φ = 200 nm) [1]. 
 
5.3.3 Evaluation of nano-OLEDs 
 Figure 5.7 illustrates the 𝐽– 𝑉 characteristics of the nanoline, nanodot, and 
reference OLEDs operated under DC conditions.  𝐽 was calculated by dividing the 
measured currents by the pattern areas estimated from the SEM images. All OLEDs 
displayed the same 𝐽– 𝑉 curves, indicating that the estimations of the pattern area 
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and 𝐽 were correct. For the reference OLEDs, the maximum current density (𝐽𝑚𝑎𝑥) 
observed just before device breakdown was as small as 1.0 A/cm2. However, 𝐽𝑚𝑎𝑥 
dramatically increased as 𝑑 and Φ decreased. The highest 𝐽𝑚𝑎𝑥 was 65.3 A/cm2 for 
the nano-line OLED with the smallest d of 80 nm and 113 A/cm2 for the nano-dot 
OLED with the smallest Φ  of 50 nm. Previous studies showed that OLED 
breakdown is related to the melting of organic layers induced by Joule heating 
[38,39]. Therefore, Joule heating is suppressed, especially in the nano-dot OLEDs, 
because the generated Joule heat can diffuse from the current flow regions to the 
surrounding resist layers [15,22,25,39]. 
 
 
Figure 5.7 Current density (𝐽)–voltage (𝑉) characteristics of (a) nanoline and (b) nano-
dot OLEDs along with those of the reference OLED [1]. 
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Figure 5.8 External quantum efficiency (𝜂)–current density (𝐽) characteristics of (a) 
nano-line and (b) nano-dot OLEDs along with those of the reference OLED [1]. 
 
 The 𝜂– 𝐽 characteristics of the nanoline, nanodot, and reference OLEDs are 
presented in Fig. 5.8. Substantial roll-off of 𝜂 was observed for the reference OLED 
when 𝐽  exceeded 0.1 A/cm2. BSB-Cz shows ASE with a low threshold energy 
[24,36,37] and the spectral overlap between its emission and triplet absorption is 
very small [37], indicating that SSA and STA are likely to be negligible. Therefore, 
the observed 𝜂 roll-off is mainly attributable to either SPA or SHA. In contrast, the 
η roll-off was strongly suppressed as d and Φ decreased. Figure 5.9 shows plots of 
current density when the efficiency is half the initial value (𝐽0) against 𝑑 and Φ for 
the nano-line and nano-dot OLEDs, respectively. The 𝐽0–𝑑 plots of the nano-line 
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OLEDs are consistent with those reported previously [25]. The increase of 𝐽0 at 
smaller Φ of the nano-dot OLEDs was larger than the equivalent change of the 
nano-line OLEDs, suggesting that the escape of excitons is more efficient in the 
nano-dot OLEDs than in the nano-line ones. 
 
 
Figure 5.9 Plots of pattern size (d and Φ) against current density when the efficiency is 
half the initial value (𝐽0) obtained from the comparison of the 𝜂– 𝐽 characteristics of the 
nano-line and nano-dot OLEDs [1]. 
 
5.3.3 Comparison with theoretical model 
 We discuss the dependence of 𝐽0 on 𝑑 and Φ using an SPA model. First, 
the effect of device size on roll-off in the nano-OLEDs was considered based on an 
SPA model (Eq. (5.3)). Here, the concentration of singlet excitons ([S1
∗]) follows [25]: 
 𝑑[S1
∗]
𝑑𝑡
= −
[S1
∗]
𝜏
− 𝑘SP[𝑛𝑐] [S1
∗] +
𝐽
4𝑞𝑑𝑡
 (5.8) 
 
where 𝜏 is the lifetime of singlet excitons, 𝑑𝑡 is the thickness of the recombination 
zone, [𝑛𝑐]  represents the concentration of trapped charge carriers, and [S1
∗] 
represents the concentration of excitons confined in the current flow region 
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interacting with polarons. The exciton generation denoted by 
𝐽
4𝑞𝑑𝑡
 was used to 
account for the singlet to triplet generation ratio of 1:3 based on spin statistics [40]. 
Thus, [S1
∗] can be decreased, leading to the suppression of SPA and roll-off. Here, we 
defined [S1
∗] as (1 − z)[S1
∗] using the unconfinement factor (𝑧), which represents the 
ratio of excitons that escape from the carrier flow region; these excitons do not 
interact with polarons. Because [𝑛𝑐]~𝐶𝐽
1
𝑙+1  based on the trapped-charge-limited 
current model [24,40-42], Eq. (5.8) can be modified as follows:  
 𝑑[S1
∗]
𝑑𝑡
= −
[S1
∗]
𝜏
− 𝑘SP(1 − 𝑧)[𝑆1
∗]𝐶𝐽
1
𝑙+1 +
𝐽
4𝑞𝑑𝑡
 (5.9) 
 
𝐶 = [(
𝑙 + 1
2𝑙 + 1
) (
𝑙 + 1
𝑙
) (
𝑁t
𝑙𝜀
𝑑t𝑞2𝜇𝑁C
)]
1
𝑙+1
   ,   𝑙 =
𝐸t
𝑘𝑇
 (5.10) 
 
where 𝑁C is the density of states, 𝑁t is the trap density, Et is the trap depth, and 𝜀 
is the permittivity. The current density dependence of EQE can be calculated based 
on the SPA model from the steady-state solutions of Eq. (5.9), giving 
  𝜂
𝜂0
=
1
1 + (
𝐽
𝐽0
)
1
(𝑙+1)⁄
 . 
(5.11) 
 
Here, 𝜂0 is the quantum efficiency in the absence of SPA, and  
 
𝐽0 = (
1
𝜏𝑘SP𝐶(1 − 𝑧)
)
𝑙+1
= (
1
𝜏𝑘SP𝐶
)
𝑙+1
(
1
1 − 𝑧
)
𝑙+1
 (5.12) 
 
is the current density at 𝜂 = 𝜂0 2⁄ . The observed 𝐽0 of the reference device under 
pulsed operation yielded (
1
𝜏𝑘SP𝐶(1−𝑧)
)
𝑙+1
 = 1920 mA/cm2, because 𝑧 was almost zero 
and the Joule heating effect was negligible. Then, we found 𝑙 by fitting the roll-off 
characteristics of the reference device under pulsed operation by Eq. (5.11). The 
experimental curve was well fitted by the SPA model when 𝑙 = 1.41 and 𝐽0 = 2.88 
A/cm2 because SPA occurred and SHA was suppressed in the reference device under 
pulsed excitation, as shown in Fig. 5.10 [20,22].  
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Figure 5.10 𝜂– 𝐽 characteristics of the reference device under DC and pulse operation 
and SPA model fitting [1].   
 
 Next, to find the theoretical values of 𝐽0, we calculated 𝑧 by solving the 
following singlet exciton diffusion equations: 
 Nano-line OLEDs:   
𝐷S
𝑑2[S1
∗]
𝑑𝑥2
− (𝑘r + 𝑘nr + 𝑘isc)[S1
∗] + 𝑘risc[T1
∗] + 𝑘tta[T1
∗]2 + 𝑅 = 0 
(5.13) 
 Nano-dot OLEDs:  
𝐷S (
𝑑2[S1
∗]
𝑑𝑥2
+
𝑑2[S1
∗]
𝑑𝑦2
) − (𝑘r + 𝑘nr + 𝑘isc)[S1
∗] + 𝑘risc[T1
∗] + 𝑘TT[T1
∗]2 + 𝑅
= 0 
(5.14) 
 
𝐷S =
𝐿D
2
𝜏
   ,   𝑅 =
𝐽
4𝑞𝑑t
 (5.15) 
 
where [T1
∗] is the triplet exciton density, 𝐷S is the singlet exciton diffusivity, 𝐿D is 
the exciton diffusion length in the emitting layer, 𝑅 is the rate of singlet exciton 
generation, 𝑞 is the electric charge, 𝑑t is the thickness of the recombination area, 
𝑘r is the rate of radiative decay, 𝑘nr is the rate of nonradiative decay, 𝑘isc is the 
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rate of ISC, 𝑘risc  is the rate of RISC, and 𝑘TT  is the rate of triplet–triplet 
annihilation (TTA) [44]. In the calculations, we used 𝜏 = 1.0 × 10−9 s, 𝑞 = 1.6 × 10−19 
C, 𝑑t = 20 nm, 𝑘r = 1.0 × 109 /s, 𝑘nr = 1.0 × 106 /s, and 𝑘isc = 1 × 106 /s. As a first 
approximation, we omitted exciton upconversion and TTA processes for simplicity. 
Fig. 5.11 presents the exciton distribution calculated (Mathematica, Wolfram 
Research) using Eq. (5.14) for the reference and nano-dot OLEDs with Φ = 200 and 
50 nm, where 𝐽 is a constant value of 1 A/cm2, and 𝐿D of a neat film of BSB-Cz is 
13 nm [25]. Although almost all of the generated excitons existed inside the carrier 
flow region in the reference device, the rate that excitons escaped the carrier flow 
region increased as the diameter of the circles in the nano-dot OLEDs decreased, and 
39% of excitons diffused out of the carrier flow region of the nano-dot OLEDs with 
the smallest Φ of 50 nm. The results of the calculation of 𝑧 for the nano-line and 
nano-dot OLEDs are summarized in Fig. 5.12. These results indicate that decreasing 
𝑑 or Φ promotes the separation of excitons from polarons, and this tendency toward 
separation is greater in the nano-dot OLEDs than in the nano-line OLEDs. 
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Figure 5.11 Solutions of the exciton diffusion simulations for (a) the reference device and 
nano-dot OLEDs with (b) Φ = 50 and (c) Φ = 200 nm [1]. 
 
 
Figure 5.12 Plots of the calculated unconfinement factor of excitons (𝑧) against pattern 
size (𝑑 and Φ) in nano-line and nano-dot OLEDs, respectively [1]. 
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 Now, we discuss the roll-off characteristics of the devices based on the above 
SPA model by comparing the experimental and theoretical 𝐽0 values. Figure 5.13(a) 
and (b) show 𝐽0–d plots for the nano-line OLEDs and 𝐽0–Φ plots for the nano-dot 
OLEDs, respectively. The black, green, orange, and blue lines are the theoretical 
curves of the SPA model with 𝐿D  = 13, 18, 21, and 24 nm, respectively. The 
experimental data are the average values and their standard deviations obtained 
from OLEDs fabricated in different batches. For both types of devices, the 
experimental data are close to the theoretical curves calculated using 𝐿D = 18 and 
24 nm, although these curves are higher than the curve calculated using the 
previously reported value of 𝐿D = 13 nm [25].  
 
 
Figure 5.13 Dependence of (a) current density when the efficiency is half the initial value 
(𝐽0)–𝑑  characteristics of nano-line OLEDs and (b) 𝐽0–Φ  characteristics of nano-dot 
OLEDs determined from the SPA model using exciton diffusion lengths (𝐿D) of 13, 18, 21, 
and 24 nm [1]. 
90 
 
 To explain the above results, we took into consideration the orientation of 
BSB-Cz molecules. Because the reported experimental 𝐿D  value was calculated 
using a PL quenching method, this value indicates the exciton diffusion length 
normal to the substrate plane [25,45,46]. However, knowledge of the lateral diffusion 
length is necessary to solve the diffusion equation. If the molecular orientation of the 
emitting layer is completely random, the diffusion length in both directions should 
be the same. However, BSB-Cz exhibits molecular orientation even in an amorphous 
film [47]. Therefore, the vertical and lateral diffusion lengths of BSB-Cz would be 
slightly different from one another. The diffusion length is expressed as 
 
𝐿D = √
𝜅2ΦF
8𝜋𝑛4
𝜎
𝑎4
=
1
√6
𝑅0
3
𝑎2
, (5.16) 
   𝜅2 = (cos𝜃DA − 3cos 𝜃D cos 𝜃A)
2 
                              = (sin 𝜃D sin 𝜃A cos𝜑 − 2 cos𝜃D cos 𝜃A)
2, 
(5.17) 
 
where ΦF is the fluorescence yield, 𝜅 is the transition dipole orientation factor, 𝜎 
is the overlap integral between the emission and absorption spectra, 𝑛 is the index 
of refraction at the wavelength where 𝜎 is at its maximum, 𝑎 is the lattice constant 
of a simple cubic lattice, 𝑅0 is the Förster radius within a film of homogeneous 
composition, 𝜃DA is the angle between the transition moments of the donor and 
acceptor (𝜃D and 𝜃A, respectively, are the angles between the transition moments), 
and 𝜑 is the angle between the projections of the transition moments on a plane 
perpendicular to the line through the centers of each molecule [48,49]. When we took 
into account that the BSB-Cz molecules in the film were nearly parallel [47], the 
value of 𝜅 was different in the vertical and lateral directions.  
We then assumed that all of the BSB-Cz molecules in the film were in a 
horizontally oriented amorphous state and calculated κ for the vertical and lateral 
directions. That is, 𝜅 for BSB-Cz molecules in the vertical direction was calculated 
using Eq. (5.17) with 𝜃D = 𝜃A = 0° and 𝜃DA = 𝜑, while 𝜅 for BSB-Cz molecules in 
the lateral direction was calculated with 𝜑 = 0° or 𝜑 = 180°. According to these 
calculations, the value of 𝜅 in the lateral direction was 1.58 times greater than that 
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in the vertical direction, i.e., the lateral diffusion length of BSB-Cz was 1.58 times 
greater than that in the vertical direction, and estimated to be 21 nm. Figure 5.14 
shows the experimental and theoretical 𝐽0–d and 𝐽0–Φ plots for the nano-OLEDs 
with 𝐿D = 21 nm. The experimental data closely agree with the theoretical curves; 
therefore, we conclude that the roll-off behavior of the devices was suppressed based 
on the above SPA model by making the pattern size smaller. The experimental data 
for the nano-line OLEDs deviates from the theoretical curve as 𝑑 increases; this can 
be ascribed to the decrease in  𝐽0 caused by Joule heating. 
 
 
Figure 5.14 Recalculated 𝐽0–pattern size (𝑑 and Φ) characteristics of the nano-OLEDs 
determined from experimental results and the theoretical results obtained using Eq. 
(5.16) [1]. 
 
5.4 Summary 
 We demonstrated the suppression of the 𝜂  roll-off of nano-OLEDs by 
decreasing the device area to close to the exciton diffusion length by introducing dot- 
or line-patterned insulator layers. Roll-off was less pronounced in the nano-dot 
OLEDs than in the nano-line OLEDs, and 𝐽0 was greater than 20 A/cm2 when  Φ of 
the circle patterns was 50 nm. Therefore, such a circle pattern is applicable for 
practical OSLDs and high-brightness applications.  
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 The achievements in this study are depicted in Fig. 5.15. The nano-OLED 
cannot completely suppress the roll-off behavior; however, we believe that the 
remaining roll-off is a result of the short exciton diffusion length of the BSB-Cz layer. 
We expect that other materials with a longer exciton diffusion length, such as single-
crystal films, can be used in these structured devices to help suppress the remaining 
𝜂 roll-off. In addition, high current injection to the nano-OLEDs by using a substrate 
with high thermal conductivity or short pulse operation and lowering the ASE 
threshold itself by including a resonator structure in the nano-OLEDs are promising 
approaches to realize OSLDs. 
 
 
Figure 5.15 Exciton density–current density (𝐽) characteristics of the nano-OLEDs and 
reference device. The ASE threshold of BSB-Cz reported previously is shown. 
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Chapter 6 
Conclusion 
 
 This thesis provides an answer of the following question: is that the only 
way to develop next generation OLEDs through improvement of organic molecules 
or the architecture? I proposed an OLEDs system technology based on the 
NEMS/MEMS concept of modulating mechanical and electrical characteristics by 
fine structuring. The proposed technologies improve the properties of OLED systems 
property, even if we applied same organic molecules or the architecture previously 
used.  
 
Summary of Contributions 
 The contributions of this research are summarized as follows: 
[Chapter 2] 
A key strategy to fabricate fine nanostructures via UV-NIL was developed. By 
combining UV-NIL with silicon anisotropic etching, the fabricated pattern size 
was decreased from that of the original mold. Thus, the final pattern size does 
not depend on that of the original imprint mold in the developed method. Our 
method does not require with a specific object size. 
 
[Chapter 3] 
Bridged glass nanopillar structures with high scratch resistance were developed. 
We established a method to dramatically improve the mechanical properties of 
glass nanopillars by considering stress distribution and optimizing submicron 
structure. The fabricated glass substrates with bridged glass nanopillars 
displayed self-cleaning ability while maintaining the durability of the 
underlying glass substrate. 
 
[Chapter 4] 
Highly flexible transparent ITO electrodes were fabricated for use in flexible 
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OLEDs. The developed strategy is different from that of previously reported 
flexible electrodes. The developed approach can increase the flexibility of not 
only ITO but also other rigid materials using a mesh structure. 
 
[Chapter 5] 
We developed a methodology to suppress EQE roll-off caused by SPA using a 
nanopatterned mask layer on an ITO electrode. The cold development method 
enabled nanopatterning of a thin resist layer on ITO. The theoretical model 
considering exciton diffusion direction readily explained the interaction between 
polaron and excitons in the OLEDs. By considering exciton diffusion direction, 
we were able to establish exciton control through nanostructure engineering. 
 
Broader Impact 
 The research in this thesis has more than only direct impact. The durable 
self-cleaning glass with bridged glass nanopillars can be used in other types of 
displays as well as OLEDs. In addition, because the self-cleaning glass does not 
require solar power, it can be used indoors, such as in show cases and windows. The 
most important advantage of the mesh-patterned flexible ITO developed here is that 
we do not need to consider the compatibility between flexible electrodes and OLED 
structure, because the ITO electrode, which is the most common electrode in the rigid 
OLEDs, can be used directly in flexible OLEDs. Nano-OLEDs are potentially 
applicable as TADF OLEDs, which are currently being paid the most attention by 
OLED researchers. The roll-off of TADF caused by TTA may be suppressed by 
controlling the triplet exciton density using a nanopatterned mask layer.  
  
Looking forward 
 We proposed and developed OLED system technology based on 
NEMS/MEMS in the work of this thesis. While our developed system can lead to 
great improvements in the OLED field, the presented system exhibits some 
limitations that would be interesting to explore in the future. We discuss the 
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limitations of our OLED system and propose future research directions in this 
section. 
 
Fabrication method (Chapter 2): In Chapter 2, we fabricated 32-nm patterns 
using the developed method, although the required pattern resolution for NGL 
has reached less than ten nanometers. Optimization of the process conditions, 
such as milling time, wet etching quality, and thickness of Al2O3 deposited by 
ALD, should enable pattern resolution to be further increased. Moreover, the 
proposed process is not cost effective. However, the structure fabricated using 
the developed method is also applicable as a new fine nanomold after removing 
the metal. 
 
Optical properties (Chapter 3 and 4): The bridged glass nanopillars and mesh-
patterned ITO have promising mechanical properties. However, the optical 
properties of these materials, such as interference colors, and transmittances, 
have not yet been thoroughly studied. Optical simulation of these structures 
should lead to development of further functionalized structures. 
 
Lasing (Chapter 5): The nano-OLEDs are still not to be able to realize lasing 
because there are some issues that need to be solved, including the remaining 
roll-off and insufficient current density. The remaining roll-off suggests that SPA 
still occurred; however, nano-OLEDs with smaller patterns did not work because 
the organic layer cannot fill the nanopattern. We expect that nano-OLEDs with 
organic single-crystal films, which have a longer exciton diffusion length than 
that of the presented emitting layer (BSB-Cz) used in nano-OLEDs, should help 
to suppress the remaining roll-off. In addition, we plan to develop OLEDs with 
heat management using the same idea as that of the nano-OLEDs. That is, 
nanopatterned layers are expected to allow the generated Joule heat to diffuse 
away from the organic layers in accordance with the thermal conductivity of the 
surrounding areas. 
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 It is believed that demand for OLEDs will be accelerated in the coming 
internet of things society. This thesis presented studies that aimed to improve 
OLED performance from multiple directions. Highly functionalized OLED 
systems with NEMS/MEMS fine structure should become a fundamental 
technology for not only next-generation OLEDs, but also all organic electronics 
fields.   
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Appendix 
Wide-energy-gap liquid  
organic light-emitting diodes host 
 
           
The topic of this chapter is not directly connected to the concept of this 
thesis, although it is an important achievement for future flexible OLEDs. 
Thus, I decided to add it in the appendix. 
We developed a novel naphthalene derivative to function as a wide-
energy-gap LOS host material for the limited range of liquid deep-blue 
light-emitting materials that have been developed to date. The naphthalene 
derivative 1-naphthaleneacetic acid 2-ethylhexyl ester (NLQ), which shows 
a low viscosity of 20 mPas at 25 C, was synthesized as a LOS by 
introducing an ethylhexyl group into naphthalene. We doped 9,10-
diphenylanthracene (DPA) into NLQ as a guest deep-blue dye. The highest 
occupied molecular orbital (HOMO) energy level of NLQ was estimated to 
be -6.40 eV from photoelectron spectroscopy measurements in air. The 
energy gap of NLQ was estimated to be 4.08 eV from its absorption 
spectrum, indicating that NLQ has the widest energy gap of any such host 
material to date. Deep-blue EL emission in a liquid state was obtained by 
doping DPA into NLQ. Light emission could be achieved by a combination 
of Förster resonance energy transfer (FRET) and direct recombination of 
trapped holes and electrons because the energy gap of DPA is straddled by 
the wider energy gap of NLQ. 
           
        
The contents of this chapter have been published in the following journal article: 
“A Wide-Energy-Gap Naphthalene-Based Liquid Organic Semiconductor Host for 
Liquid Deep-Blue Organic Light-Emitting Diodes”, Journal of luminescence, vol. 200, 
pp. 19-23, 2018 [1].   
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A.1. Introduction 
 Since the first report of liquid OLEDs by Xu and Adachi in 2009, they have 
attracted much attention for truly flexible organic electronics applications [2]. Liquid 
OLEDs have a simple structure that consists of a luminescent LOS layer sandwiched 
between two transparent electrodes. LOSs show semiconducting behavior in a liquid 
state without any solvent at room temperature. The light-emitting LOS layer also 
keeps its liquid state when a driving voltage is applied. Liquid OLEDs have novel 
characteristics compared to conventional solid-state OLEDs, such as the LOS and 
electrodes remaining attached when the device is bent and restoration of degraded 
light emission by the ability to replace deteriorated emitter liquids [3]. Furthermore, 
multicolor EL can be obtained from liquid OLEDs based on Förster resonance energy 
transfer (FRET) [2,4] by doping a small amount of a guest solid emitter into a LOS 
host. 
 In terms of device structure, liquid OLEDs have been developed for display 
and lighting applications [3,5-9]. To pattern liquid emitters on a single chip, we 
proposed microfluidic OLEDs, which combine liquid OLEDs with microfluidic 
technology [4-8]. Using microfluidic technology, we have demonstrated recovery of 
emission by reinjecting fresh LOSs [6], multicolor emission by mixing different liquid 
emitters with a Y-shaped microchannel [7], and EL emission from liquid emitters 
patterned on rigid and flexible substrates [5,8]. We have also demonstrated white 
EL emission from an integrated microfluidic structure via the simultaneous emission 
of greenish-blue and yellow liquid emitters [9]. 
 Deep-blue OLEDs require host materials with a wide energy gap [10]. The 
current lack of suitable wide-energy-gap hosts is a critical issue that needs to be 
overcome to expand liquid-OLED applications to full-color displays and light sources 
for medical treatment [11]. Deep-blue light can increase the color gamut [10,12] and 
lower power consumption in full-color applications [10]. The host/guest doping 
strategy is an important approach for this purpose. However, the availability of 
luminescent LOSs, especially wide-energy-gap hosts, is limited because liquid-OLED 
technology is still in an early stage of development [2]. The energy gaps of the LOSs 
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reported to date range from 3.2 to 3.5 eV [2,3,13]. Hirata [3] demonstrated deep-blue 
light emission using carbazole derivatives as wide-energy-gap LOSs, such as 9-{2-[2-
(2-methoxyethoxy)ethoxy]ethyl}-9H-carbazole (energy gap = 3.5 eV) and 9,9ʹ-{2-[2-
(2-methoxyethoxy)ethoxy]ethyl}-3,3ʹ-bis(9H-carbazole) (energy gap = 3.5 eV). In 
addition, there are some other blue emitting liquid molecules, although they were 
not observed in OLEDs devices [14-18]. To further develop liquid-OLED applications, 
it is essential to generate systems that display deep-blue light emission using wide-
energy-gap LOSs. In addition, such wide-energy-gap host materials can be used not 
only as host materials for deep-blue deep blue emitters, but also as host materials 
for co-doping systems, which has been proposed to improve quantum efficiency of 
conventional fluorescence materials by cascade energy transfer from thermally 
activated delayed fluorescence materials [19]. 
 In this study, we develop a naphthalene derivative as a novel wide-energy-
gap LOS host material for deep-blue light emission. Our naphthalene derivative 
shows a low viscosity and a wide energy gap, as estimated from its UV-vis absorption 
edge. The PL spectrum of a guest deep-blue dye and the EL spectrum of the guest-
doped naphthalene derivative indicate that deep-blue EL emission derived from the 
guest dye could be obtained by doping the guest into the LOS host material. 
Therefore, novel naphthalene-derivative LOSs are promising wide-energy-gap host 
materials for deep-blue light emission. 
 
A.2. Experimental procedure 
A.2.1 Materials 
 Figure A.1 shows the chemical structures of the wide-energy-gap LOS host 
and a solid deep-blue emitter guest. We synthesized NLQ by introducing an 
ethylhexyl group into a naphthalene unit to give a liquid at room temperature. The 
synthetic details and characterization of NLQ are presented in the Supplementary 
Information. Naphthalene was selected because of its intrinsic wide energy gap [20]. 
A mixture of 1-naphthaleneacetic acid (10.0 g, 53.7 mmol), 1-bromo-2-ethylhexane 
(20.7 g, 107.3mmol), potassium carbonate (22.2 g, 160.9 mmol), and DMF (100 mL) 
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was stirred for 4 h at 90 C. After evaporation of the DMF under reduced pressure, 
chloroform (100 mL) was added to the crude product. The organic phase was washed 
with H2O (3 × 100 mL), dried over MgSO4, and filtered. Evaporation of the filtrate 
gave the crude product. The crude material was purified by column chromatography 
(silica gel, eluent = 20% volume fraction of chloroform in hexane) to give NLQ as a 
transparent liquid (12.5 g, 41.9 mmol, 78%). The products were unambiguously 
characterized by means of 1H and 13C spectroscopy (Fig. A.2 and A.3, respectively) 
and HRMS spectrometry. 1H NMR (600 MHz, CDCl3):  = 8.00 (d, 𝐽 = 6.0 Hz, 1H), 
7.83 (d, 𝐽 = 6.0 Hz, 1H), 7.75 (d, 𝐽 = 9.0 Hz, 1H), 7.50 (t, 𝐽 = 9.0 Hz, 1H), 7.45 (t, 𝐽 
= 7.5 Hz, 1H), 7.41-7.38 (m, 2H), 4.04 (s, 2H), 3.98 (d, 𝐽 = 6.0 Hz, 2H), 1.47-1.43 (m, 
1H), 1.24-1.09 (m, 8H), 0.80 (t, 𝐽 = 9.0 Hz, 3H), 0.76 (t, 𝐽 = 9.0 Hz, 3H).  13C NMR 
(600 MHz, CDCl3):  = 171.6, 133.7, 132.0, 130.7, 128.6, 127.9, 126.2, 125.6, 125.3, 
123.8, 67.1, 39.3, 38.6, 30.2, 28.7, 23.6, 22.8, 13.9, 10.8.  HRMS (m/z) calculated for 
C20H26O2 [M + Na]: 321.1825, found: 321.1825. 
 NLQ shows a low viscosity of 20 mPa·s at 25 C, which was obtained by 
using cone-plate type viscometer (TVE-22L, TOKI SANGYO). The deep-blue dye 
9,10-diphenylanthracene (DPA; Tokyo Chemical Industry Co., Ltd.) [20, 21] was 
doped into NLQ at a concentration of 2 wt%. To dope the dye into NLQ 
homogeneously, we first dissolved both NLQ and the dye into dichloromethane 
(CH2Cl2) solution, and mixed them well in a beaker [6]. Subsequently, in order to 
evaporate CH2Cl2, the sample solution was placed in a vacuum oven at 80 C for 5 
hours. Tributylmethylphosphonium bis(trifluoromethanesulfonyl)imide (Tokyo 
Chemical Industry Co., Ltd.) was used as an electrolyte and doped into the liquid 
emitter at a concentration of 0.25 wt% [5,6,8,9] to enhance carrier injection. 
 
Figure A.1 Chemical structures of (a) the novel naphthalene-derivative NLQ and (b) DPA 
[1]. 
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Figure A.2 1H NMR spectrum of NLQ [1]. 
 
 
Figure A.3 13C NMR spectrum of NLQ [1]. 
118 
 
A.2.2 Electrochemical properties 
 To evaluate the chemical stability of our new host, samples were measured 
by cyclic voltammetry (CV) with a three-electrode electrochemical cell in acetonitrile 
(MeCN). The device lifetime of a liquid-OLED can be influenced by the chemical 
stability of radical cations in the liquid emitting layer [3]. A Pt disk (diameter = 3 
mm), and Pt and Ag wires were used as working, counter, and reference electrodes, 
respectively. The Pt disk electrode was polished with an alumina slurry (diameter = 
50 nm) before the CV measurements. The applied voltage (𝐸) was calibrated against 
the standard redox potential (𝐸0 ) of ferrocene (𝐹𝑐 𝐹𝑐⁄ +, 0.424 V vs. a saturated 
calomel electrode (SCE)). Solutions were deoxygenated by N2 gas bubbling before the 
CV measurement, and measurements were performed under a N2 atmosphere. The 
scan rate was 100 mV/s. The HOMO energy level of NLQ was estimated from the 
onset voltage of oxidation. 
 
A.2.3 Photophysical properties 
 The HOMO energy level of NLQ was also estimated by photoemission 
spectroscopy (PES) in air (AC-3, Riken Keiki Co., Ltd.). Absorption spectra were 
measured with a UV-vis spectrophotometer (U-3900, Hitachi High-Technologies, 
Ltd.). PL spectra were measured with a fluorescence spectrophotometer (FP-6200, 
FP-8200, JASCO). Quartz cells were used for both absorption and PL spectroscopy. 
PLQY were estimated with an integrating sphere (Quantaurus QY, Hamamatsu 
Photonics K. K.). Solutions were deoxygenated by bubbling with N2 gas before the 
PLQY measurements, which were performed under a N2 atmosphere. The energy 
gap of NLQ was estimated from its UV-vis absorption edge. The LUMO energy level 
of NLQ was estimated by subtracting the energy gap from the HOMO energy level. 
 
A.2.4 Electroluminescent properties 
 The EL characteristics of the liquid emitters were evaluated in microfluidic 
OLEDs [5]. The microfluidic OLEDs were fabricated as follows: (a) Anode and 
cathode substrates were fabricated by photolithography. (b) The two substrates were 
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bonded by forming epoxy–amine linkages between epoxy- and amine-terminated 
self-assembled monolayers. (c) A liquid light-emitting layer was formed by injecting 
liquid emitters into the microchannel of the fabricated microfluidic device. The 
thickness of the liquid emitting layer was about 6 μm. The active area of the 
microfluidic OLEDs was adjusted to be 1 × 2 mm2. EL properties were measured 
using a source meter (2400, Keithley) with a direct-current power supply and a power 
meter (1936-R, Newport). EL spectra were measured with a spectrometer 
(USB4000FL, Ocean Optics). 
 
A.3. Results and discussion 
A.3.1 Electrochemical properties 
 The CV characteristics of 1 mM NLQ dissolved in MeCN are presented in 
Fig. A.4. An anodic wave was observed in the positive scan direction, which resulted 
in the generation of a radical cation on NLQ. However, this oxidation process was 
irreversible. In the negative scan direction, no cathodic wave was detected for NLQ 
because the reduction wave of NLQ was out of the polarized potential window of 
MeCN. The irreversibility of the oxidation process suggests that charge transfer may 
cause chemical changes in the oxidized molecule followed by further reactions [23-
25], and also implies that the measured potential is a mix of ionization potential and 
the energy required for the possible chemical changes occurring during the charge 
transfer. The contribution of the chemical changes to the potential may be small 
enough to be ignored because the irreversible peak potential may correspond to 
within 100 mV of the reversible oxidation potential if the species generated by a 
reversible electron transfer process is consumed by further reactions [26,27]. The 
measured onset voltage of oxidation 𝐸𝑂𝑋
𝑜𝑛𝑠𝑒𝑡 (vs. SCE) was 1.73 V. Thus, the HOMO 
energy level of NLQ was estimated to be -6.17 eV according to the empirical equation 
HOMO = -(4.44 eV + 𝐸𝑂𝑋
𝑜𝑛𝑠𝑒𝑡) (vs. SCE) [28,29]. 
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Figure A.4 Cyclic voltammogram of 1 mM NLQ in MeCN. An anodic wave was observed 
in the positive scan direction, while a cathodic wave was not observed in the negative 
scan direction, indicating that the oxidation process of NLQ is irreversible [1]. 
 
A.3.2 Photophysical properties 
 In addition to evaluating the HOMO energy level of NLQ from the CV 
measurements, we also estimated its HOMO energy level through PES. Fig. A.5 
shows the PES results for neat NLQ. The HOMO energy level of NLQ estimated 
from PES data was -6.39 eV. This value is slightly different from that obtained from 
the CV measurements. Reversible CV characteristics are suitable to evaluate the 
HOMO energy level of a material. However, the cyclic voltammogram of NLQ was 
irreversible, which resulted in the underestimation of its HOMO energy level [26]. 
Therefore, we use the HOMO energy level determined from PES in the following 
discussion. 
 The UV-vis absorption spectrum and PL spectrum of NLQ are presented in 
Fig. A.6. The UV-vis absorption maximum of NLQ was located at 283 nm, while the 
UV-vis absorption edge of NLQ was at 304 nm. The energy gap of NLQ estimated 
from the absorption edge was 4.08 eV. Thus, NLQ shows the widest energy gap of 
any LOS to date [2,3,13]. This result suggests that the wide energy gap of NLQ can 
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be attributed to the short π-conjugation length of naphthalene [30]. The LUMO 
energy level of NLQ calculated by subtracting the energy gap from the HOMO energy 
level was -2.31 eV. The PL spectrum of NLQ obtained following excitation at 280 nm 
contained a peak with a maximum at 395 nm, which is close to UV position. These 
results indicate that NLQ is a promising host material that may enable excitation of 
guest materials that emit light at short wavelength. 
 The PL spectrum of 1 mM DPA dissolved in MeCN and the absorption 
spectrum of 5 μM DPA in MeCN are shown in Fig. A.7. There was spectral overlap 
between the PL spectrum of NLQ and the absorption spectrum of DPA. The 
maximum PL peak of DPA was located at 439 nm. The PLQY of 20 μM NLQ in MeCN 
was 18%, while that of 16 μM DPA in MeCN was 98%. Fig. A.8. also shows the PL 
spectrum of 2 wt% DPA-doped NLQ following 280-nm excitation and the PL 
spectrum of 1 mM DPA in MeCN. This result shows that PL emission originating 
from DPA was obtained by selectively exciting NLQ. Moreover, the maximum PL 
peak of NLQ at 395 nm was quenched in the mixture. These results suggest that 
FRET occurred from NLQ to DPA. 
 
 
Figure A.5 Photoelectron spectrum of neat NLQ obtained in air [1]. 
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Figure A.6 Absorption spectrum and PL spectrum of NLQ [1]. 
 
 
Figure A.7 PL spectrum of 1 mM DPA in MeCN and absorption spectrum of 10 μM DPA 
in MeCN [1]. 
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Figure A.8 PL spectrum of 2 wt% DPA-doped NLQ and PL spectrum of 1 mM DPA in 
MeCN. PL emission derived from DPA was obtained from the mixture of DPA and NLQ 
upon selectively exciting NLQ [1]. 
 
A.3.3 Electroluminescent properties 
 Directly evaluating the EL properties of neat NLQ was difficult because the 
peak from NLQ lies in the UV region. Fig. A.9 (a) and (b) show a luminescent image 
of the EL emission and EL spectrum, respectively, measured for a microfluidic OLED 
with 2 wt% DPA-doped NLQ at an applied voltage of 50 V. The EL spectrum of the 
DPA-doped NLQ was similar to the PL spectrum of DPA. This result indicates that 
deep-blue EL emission derived from DPA was enabled by the wide-energy-gap LOS 
host. The HOMO and LUMO energies and energy gap of DPA were -5.58, -2.56, and 
3.02 eV, respectively, based on the absorption edge of the UV-Vis absorption spectrum 
of DPA and the onset oxidation voltage of its cyclic voltammogram. These values 
suggest that the energy gap of DPA is straddled by that of NLQ. Thus, deep-blue EL 
emission could be obtained not only by FRET but also by direct recombination of the 
trapped holes and electrons [31]. 
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Figure A.9 (a) EL emission and (b) EL spectrum of 2 wt% DPA-doped NLQ in a 
microfluidic OLED device at an applied voltage of 50 V [1]. 
 
 Figure A.10 (a) shows the current density (J)–voltage (V) characteristics of 
2 wt% DPA-doped NLQ and neat NLQ and Fig. 8(b) displays the luminance (L)–V 
characteristics of 2 wt% DPA-doped NLQ. Stable carrier injection and transport were 
observed for both DPA-doped NLQ and neat NLQ because J increased in proportion 
to V. J of DPA-doped NLQ was higher than that of neat NLQ. This result indicates 
that carrier transport in the LOS was increased by doping with DPA. Moreover, the 
L-V characteristics revealed that L = 4.73 cd/m2 at 50 V was achieved by doping DPA 
into NLQ. Meanwhile, electroluminescent properties of the DPA doped-NLQ was not 
much different from those of previously reported LOS systems [2,3,5-9,13], although 
it was inferior to electroluminescent properties of solid type OLEDs. Therefore, 
optimization of the devise structure will be required for further improvement. 
 These results indicate that NLQ is a promising wide-energy-gap LOS host 
material for deep-blue light emission in liquid-based display and lighting 
applications. Although we have demonstrated development of LOS materials for 
liquid-OLEDs, the driving voltage of these devices remains high and their L remains 
low compared to those of conventional solid-state OLEDs. Therefore, LOS host 
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materials that enable both a lower driving voltage and higher PLQY are required to 
further improve the performance of liquid OLEDs 
 
 
Figure A.10 (a) Current density–voltage characteristics of 2 wt% DPA-doped NLQ and 
neat NLQ and (b) Luminance–voltage characteristics of 2 wt% DPA-doped NLQ in the 
microfluidic OLED [1]. 
 
A.4. Summary 
 We developed the novel naphthalene derivative NLQ as a wide-energy-gap 
LOS host material for deep-blue light emission. The energy gap of NLQ is the largest 
obtained to date and its PL maximum of NLQ is located at 395 nm as summarized 
in Fig. A.11. Therefore, NLQ is a potential host material for guest molecules that 
emit short-wavelength light. A liquid OLED containing NLQ doped with the deep-
blue dye DPA as a guest exhibited deep-blue EL emission. This light emission would 
originate from not only FRET but also direct recombination of trapped holes and 
electrons. Our results show that NLQ is a promising wide-energy-gap LOS host 
material for deep-blue light emission in liquid-OLED applications like displays and 
lighting. However, the proposed LOSs are far from practical use in liquid OLEDs 
compared to the hosts used in conventional solid-state OLEDs. Further improvement 
of both LOS materials and device architectures is required for development of liquid-
OLEDs. 
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Figure A.11 Energy gap comparison of LOS. Naphthalene derivative1 and 2 show the 
widest energy gap value, although they are theoretical calculation values. NLQ has the 
widest energy gap value estimated experimentally. 
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